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SELECTION OF PRACTICAL SEAFLOOR FOUNDATION SYSTEMS
Technical Report R-761

YF 38.535.002.01.005

by

H. G. Herrmann, D. A. Raecke, and N. D. Albertsen

ABSTRACT

This report presents a systernatic analysis of foundstion systems
for seafloor installations. Current and foreseeable Navy needs for seafloor
installations are st mmarized, and the foundation requirements for such instal-
latiens are defined = terms of four foundation requirement parameters. These
four, aud zir respective ranges of possible values sre: (1) reliability from 0.9
10 0.999; {2) max:mum allowabie tiiting of the structure, from 1 to 20 degrees;
(3! vertical static icad capacity of trom iess than 4,000 to greater thar 40,000
rounds; and {4) mean lateral dimersions from less than 12 to greater than 40
{eet. Environmental ccnditions and technelogical capabilities, major influences
in the process of selacting a foundation system, are defined in terms of design
constraints, These include seafloor type, which ranges from weak and com-
pressibie cchesive soif to sound rock; maximum topographic sicpe, which
rangec from less than 1 degree to 20 desrees; anc required empiacement capa-
bitity, which can range from simply setting a single moduie on the seofloor to
ir-situ assembly or fabrication of 3 multimodule instaliation. The analysis can
be used 10 select an appropriate foundation configuration for a specific situa-
tion where the foundaticn requirement parameters and the design constraints
are known. In this regort 1t is used in the selection and description of 11
toundaticn configurations which Zan meet ali foreseeable near-termy Navy
requirements. Several of these i1 require turther research or development
ore they c3n be considered opzrational.
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'ﬂnis'npon presents a systematic analysis of foundation systems for seafioor instaliaticns.
Current and foreseeable Navy needs for seafloor installations are summarized, and the foundation
requirements for such installations are defined in terms of four foundation requirement parameters.
These four, 3nd their respective ranges of possible values are: (1) reliability from 0.9 to 0.999; (2)
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than 12 to greater than 40 fzet™ Environmental conditions and technological capabilities, major
influences in the process of selecting a foundation system, are defined in terms of design constraints.
These include seafioor type, which ranges from weak and compressible cohesive sou v sound rock;
maximum topographic slope, which ranges from less than 1 degree to 20 degrees; and required
emplacement capabiiity, which can range from simply setting a single module on the s afloor 10
in-situ assembly or fabrication of a multir odule installation.{ analysis can be used to selact an
appropriate foundation configuration for a specific situati the foundation requirerent
parameters and the design constraints ar< known. In this it is used in the selection and des-
cription of 11 foundation configurations which can mest all foreseeable near-term Navy requirements.
Several of these 11 require further research or development before they can be considered operational,
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INTRODUCTION

Numerous hydrophone support frames, habitats, equipment chambers,
test stands, and other structures are currently deployed on the seafloor. Tte
number of these totally submerged structures (henceforth referred to 75 sea-
floor installations) located at fixed positions on or near the seafloor, exceeds
400.! All such installations rely upon the seafioor and the underlying sedi-
ments for support. The mechanism by which the loads and forces of the
installation, both inherent and induced, are transmitted to the seafloor is
the foundaticn system.

The number of seafloor installaticns is increasing, as are their size,
weeight, and complexity. This increase and diversification is resulting in similar
changes in foundaticn requirements, lezding to the need fur foundation sys-
tems with characteristics entirely different from those cf the simple spread
footing utilized almost exclusively to date.

Objective

The objective of this report is tc present practical ioundation system
concepts developed to satisfy foreseeable requirements for seafloor installations.

Scone

Numcrous planning documents suggest a variety of probable :Navy
seafloor installations. 2™ The descriptions of these installations ordinarily
do not specifically define the foundation requirements. However. the foun-
dation requirements of a given installation can be inferred with sufficient
accuracy to permit selection of suitable foundation types cr concepts. A
summary of the foundation requirements of all of the proposed installations
thus forms the basis for investigating practical foundation system concepts
which wili satisfy foreseeable Navy reeds.

in general, the configuration of foundations for seatloor installations
will be controlled 9y a number of considerations, including: (1) relatively poor
soil properties typified by low strength and high compressibility; (2) limitations
on size and weight of modules which can te handled to an installation site;
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(3) severe limitations on any construction or assembly activities at an
installation site; and (4) difficulty in returning to an installation to apply
remedial measures. In the design process for an individual instailation, con-
sideration of specific limitations in each of these four categories, along with
evaluation of other influential factors at the proposed iristallation site, is
always necessary. In the development or evaluation of foundation system
concepts, it is only necessary to ccisider the rarige over which these factors
and limitations may vary.

Analysis of future foundation requiremei.ts, together with considera-
tion of the range of values and limitations imposed by the preceding factors,
suggests several concepts fer foundation system configuration. With these
concepts, and the basic footing foundation configuration which is already
well along in development, virtually all foreseeable foundation requirements
can be satisfied in a practical, workable fashion. An analysis of the charac-
teristics of the several concepts shows that each is uniguely suited te particular
situations: situations which a summarization Gf Navy plans shows are likely
to occur in the foreseeable future.

Background

In terrestrial foundation engineering, a number of foundation types
have been well developed, and design technolcgy is readily available for each.
These inctude beth shatlow and deep foundations typified by footing and pile
or caisson cor:figurations, respectively. The variations of each type and the
combinations of the various types have been virtually unlimited in practice.
The terrestrial foundation engineer selects a foundation type based upon the
requirements cf the structure and the characteristics of the site.

The same considerations exist for the seafioor situation. For selecting
a suitable foundation type, or for developing concepts for foundation systems,

general knowledge concerning the proposed installation and location is required.

For the complete design of a specific foundation, it is, of course, necessary to
have more detailed knowledge. The breadth of knowledge required for the
selection of a foundatior: type for the seafloor is much wider than for terres-
trial foundations, and includes at least the following six major considerations:

1. Mission: The mission of the instaliation determines the general
performance criteria and the necessary degree of confidence in the final design.
Manned installations require much greater confidence than do unmanned. Ina
few instances, unmanned installations containing sensitive or extremely impcr-

tant equipment also require high confiuence. Design life must also be considered.

These two criteria are quite variable for different seafloor installations. This is

not true for terrestrial foundations, for which both have become relatively fixed.
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2. Site Conditions: The geographic location, water depth, and
visibility at the proposed site affect primarily transportation, handling, and
conztruction considerations, which are discussed below. Other site cond:tions
include topography, geclogic province, seismicity, and bottom currents. These
latter environmenta! conditions influence primarily the load induced on an
installation, winch the foundation system must be designed to withstand.

3. Physical Characteristics: The physical size and configuration of a
foundation sy stem are heavily influenced by the shape and dimensions of the
instal'aticn which it is to suppert. Other physicat characteristics include sub-
merged weight, load distribution, and mass. The mass, size, and shap= are
critical in determining earthquake loading conditions. Size and shape also
are important factors in determining current drag forces on an installation
which, in turn, mus* be resisted by the foundation system. Such transient
forces are often the major loading condition on a seafloor foundation,
because static loads are significantly reduced by buoyancy.

4. Soil Engineering Properties: The soil properties at the proposed
site, and their variation through the “4il profile, determine, as in the terrestrial
situation, the soil response to any foundation configuration or loading condi-
tion. Of particular importance are the soil strength and compressibility, and
the time-rate variation of these two properties. The typically weak and com-
pressible soils of the seafloor present a somewhat more difficult design problem
to the foundation engineer than do their relatively competent terrestrial coun-
terparts. The evaluation of the engineering properties of a seafloor sediment
is also more difficult, and the resulting data often carry a lower degree of con-
fidence than in terrestrial work. This lower confidence must be taken into
account in the foundation selection.

5. Deployment Capability: The size and weight of individual modules
of a foundation system are limited by the available capability to transport these
to the proposed seafloor site, and there to pcsition the individual mcdules.
Combining of modules into larger assemblies is restricted by this positioning
capability along with constraints on construction or assembly activities. Such
restraints on the design cf the foundation system are unique to the seafloor

3 situation.

A 6. Economy: For any seaf!oor instaliation, one of the major

-3 - considerations is reliability of the instaliation, or degree of confidence,

£ : with respest to satisfactory completion of its mission. The determination
of the required reliability must, however, be balanced against cost. As the
numerical requirements for reliability are increased threough the realizable
range of 0.900 to 0.999, the costs typically increase by orders of magnitude,
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pe ticularly for instaliations in deep water. In most instances the increases
are associated with at-sea operations rather than with fabrication of the actual
foundation system. The cost of a partial failure can also be very high, since
returning to an installation to carry out remedial work is difficult and expen-
sive, and in a few instances, impossibly impractical. Such factors heavily
influence both the selection and the detailed desigr: of the foundation.

Portions of these six major considerations and their influences on
the foundation selection process are unique to the seafloor situation and have
no direct counterpart in the selection process for terrestrial foundations. For .
example, a seafloor installation may be placed perpendicular to a slope whereas
a terrestriai structure would be leveled {perpendicular tc the horizon). Thus,
the influence of topography is relatively greater for the seafloor case.

Virtually all seafloor installations now in existence utilize a spread
footing configuration, or a simple variation thereof.! This configuration has
been selected because it is fairly straightforward to design, easy i nandle and
deploy, and basically very economical. It is also a natural choice for the small,

lightweight structures primarily involved to date. However, the performance
of all of these foundation systems has not been totally satisfactory. Many
unsatisfactory performances appear attributable to a tack of reference to
proper design considerations. Studies are currently underway to develop
rational design guidelines for seafloor spread footing foundations.'?

Pile foundations have been used extensively for offshore platforms
and have been used for a few totally submerged seafloor installations. How-
ever, 10 date these have all been in relatively shallow water.

A number of positively buoyant seafloor structures have been
derloyed. For some of these, the foundation functions as a tiedown or
anchorage. Although this configuration constitutes a foundation system,
such systems applying a net long-term tensile load on the seafloor will not
be treated extensively here. The more common case in which the founda-
tion has sufficient submerged weight to overcome the positive buoyancy

of the installation, and t+i1s applies a net compressive 10ad to the seafioor,

is considered.

it 2 A
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- FUTURE SEAFLOOR INSTALLATION REQUiREMENTS

Many phases of the Navy's overall defense mission require the use of
various types of seafloor installations. Oceanographic instruments and hydro-

huﬂﬂ&mmumm R et e NI A I i L S L A e A

! phone arrays (such as the Saint Croix Range ani1 BARSTUR*®) are utilized
extensively or: the seafloor for research and routine data collection. More
:,,: H * Barking Sands Tactical Undenwater Range.
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elzborate acoustic systems (such as Project Artemis), installations for testing

of underwater equipment (such as Deep-Submergence-Rescue-Vehicle/Simulated-
Distressed-Submarine Docking Facility), and ambient-pressure habitats (such as
Sealab | and I1) are constructed and emplaced to meet specific defense and
development requirements. Larger and even more complex installations, such

as nuclear generating facilities, one-atmosphere manned stations, and fuel stor-
age facilities may be constructed in the near future to satisfy specific research
and defense objectives.'® Each of these installation types has somewhat
different foundation reguirements.

The most likely types of future Navy seafloor installations have been
identified, and the foundation requirements of each have Lieen defined. This
has been accomplished by summarizing information available in planning docu-
ments and technical literature, and by considering the probable extension of
present seafloor installations. The best available estimates of the types of
required installations and the foundation requirements of each type are
presented.

Table 1 summarizes the most probable Navy seafloor installations by
category. These categories are determined primarily by the nature or function
of an installation and secondarily by the probable sizc of an installation. A
more complete compilation and description of existing seafloor installations
isgiven in Reference 1.

5 ot WA s 1

o mmene W e

Small Instruments and Sensors

These installations are typified by the many bottom-sitting hydrophone
arrays deployed for investigating the acoustic properties of the ocean environ-
merit, for use with submarine detection and communication systems, and for
tracking in underwater test ranges. Bottom-resting instruments to measure
other environmental properties, such as current velocity, temperature and
salinity, corrosion effects, and soil properties, are included in this category.
These installations are ordinarily open-frame structures mounting appropriate
instrumentation and power supplies. Examples of two typical configurations
are shown in Figures 1 and 2. Typica! dimensions for installations in this cate-
gory are less than 12 by 12 feet in plan and 15 feet in elevation. A typical
submerged weight is 400 pounds, although weights rmay go as high as 4,000
pounds.

Nearshore, deep-water sites (to water depths of 20,000 feet); seamourit
crests and slopes; and deep-water slopes are three locations of particuiar interest
for installations of this category. The seafloor in these locations varies from
weak and compressible cohesive soils to sound rock. The foundation require-
ments of such installations are basically rather simpia: (1) some form of vertical
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support providing sufficient bearing capacity and minimizing total and
differential vertical movement (settlement); (2) lateral support to prevent
skidding or other horizontal movements; and (3) a simple foundation con-
figuration providing for one-step deployment. Simplicity is also advantageous
because these installations are very often deployed in groups, with as many as
30 or 40 identical installations deployed in a specified pattern. The actua!
tolerance for positioning of an individual installation may be as small as 100
feet or as large as 1 mile. However, it is often necessary to know the actual
final position of such an instaliation with much greater accuracy, particularly
with reference to the other similar installations within the pattern. This does
not signiticantly affect the foundation requiremenis.

The fact that many of the sites are located on slopes requires, for the
more sensitive installations, either careful control of orientaticn during deploy-
r nt ¢r some means of girmbaling or leveling to ensure vertical orientation of
the instrumentation both initially and during the design life. The strictest
requirements for vertical orientation within this category are on the order of
+10 degrees. However, absolute orientation is usually not nearly as critical as
is the prevention of any variation in orientation during the lifetime of such a
sensitive installation. Design iife for all of these installations has typically been
specified as 5 years, although recent experience' would indicate a design life
of from 10 to 20 years to be more applicable for many. Several hurdred mnstal-
lations fitti...y titis category have aiready been utilized on the seafioor. Available
information indicates a continuing need for such structures.

Instrument and Equipment Packages

The installations in this category differ from those of the previous
category primarily in size and in sophistication of instrumentation, rather than
in function or nature. Examples include underviater towers (such &s the Navy
camera towers at San Clemente Island and the Project AFAR® towers, Figure
3). underwater <lectronic chambers (such as the junction chamber at SCARF**
and the DOBACS*** in the Bermuda Range), and underwater navigation equip-
ment utilizing larger power sources. These installations will y2nerally be
substantially heavier (submerged weights ranging from 4,000 to 20,000 pounds)
and physically larger (maximum structure! dimension as large as 200 feet) than
those in the preceding category.

* Azores Fixed Acoustic Range.
** Santa Crur isiand Acoustic Range Facility.
*¢* Deep Ocsan Basin Acoustic Cabie Source.
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Figure 1. Typical dual hydrophone array structure. {From Reference 19.
Photo courtesy of AC Electronics.)
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Figure 2. STU (Submersible Test Unit) with RTG (radioisotope thermoelectric
generator) power source installed.
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Seamount crests and siopes, and nearshore deep-water siopes (to water
depths of 6,000 feet) are typical sites for these installations. These sites exhibit

.
Gzt

’; . from negligible {0 moderate slopes {30 degrees appears to be a maximum). The
5 seafloor ranges from weak and compressible cohesive sediments at the deeper

. sites to sand and bedrock at the shallower sites and on seamocunt crests.

H . These instailations are typically one-of-a-kind and are commonly

x both sophisticated and expensive. These characteristics and the more strin-

gent requirements for foundation performance usually make it necessary to
perform a more detailed site selection and analysis. Performance requirements
include: (1) high confidence in an adequate bearing capacity, (2) minimum
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tilting caused by differentia! settiement {no more than 1-1/2 degrees of
: tilting can be tolerated in scme cases), and {3) prevention of lateral moticns
: or skidding. A fzirly simple {oundation configuration aliowing for one-step
deployment is usually required. Control of pesition (tolerances s small as
: 100 feer are required) diiring deployment can be critical, because these
i instatlations are often connected by electricai cable to other structures
in the vicinity.
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Figure 3. froject AFAR “November” Tower before emplacement in vertical
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The design life of these instaliations is in the 10- to 25-year range.
The importance and value of these installations normally would allow for
returns to the installation after deployment in order to investigate apparent v
performance nroblems or to carry out minor remedial operations. Many
dozens of installations fitting this category have been deployed on the sea-
floor. The need for these installations is increasing—a trend made possible
by improving technology.
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Test Facilities

Submerged installations are utilized by the Navy to test equipment
and techmqua dangnad for deployment or use in the world ocean. These
instaliations are spec:ahzed one-of-a-kind facilities. Examples include mis-
sile launchers (such as Pop-Up Launcher M, Figure 4), submarine-docking
test facilities (such as the Navy’s Simulated Distressed Submarine at San
Clemente !sland and the Perry-Link Hydroiab), and simulated habitats (such
as the SEACON structye). The physical characteristics of each are quite dif-
ferent, with the major dimension ranging from 10 to 60 feet and submerged
weights ranging from 6,000 to 700,000 pounds. Loading conditions are alsc
quite diverse, as some installations are subjected to large {200,000-pound)
dynamic loads and imgact loads from various directions in addition to the
static loads due to submerged weight.

These installations are typically located in shallow water (less than -
600 feet) and near shore. Sites are usually carefully surveyed to select those
with only gentle slopes and competent soi! types, such as sands and rock.
Geographically, these installations are typically focated just offshore the
continental United States. ]

Because all are very specialized installations, the requirements for
foundation performance are often well defined; however, the requirements
for the various installations are diverse. Typical requirements include: (1)
high confidence in becring capacity under both static and dynamic conditions,
(2) minimum differential settiements (requirements as stringent as less than
1/8-inch differential movement), and (3) prevention of lateral motions under
static, dynamic {oscillating), and impact loading. Foundation configurations
can be more complex, because most are in shallow water. Control of position
during deployment or construction is critical (tolerances can be less than 1
foot), since these installations are often multimodule.

Design life for these installations is often short {1 to 4 years); however,
a few are used over longer periods (to 15 years). The typical locations and
natures of these installations allow for relatively easy return for inspection
and remedial work. Such installations are often subjected to major modifi-
cations during their life, which in some cases can necessitate modification
of the foundation system.

Several installations fitting this category are currently deployed on

. the seafioor. The need for such facilities is expanding along with the require-
ments for, and development of, seafloor construction techniques and
equipment.
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capacities of up to 25,000 barrels and fixed storage {(similar to Khazzan

Dubai {, Figure 5) with capacities of up to 600,000 barrels. Fixed installa-
tions are typically large, rigid installations with submerged weight very iow
relative to their size. The foundation loading varies with the fuel level because
of the difference in unit weight between the fuel and the seawater which it
displaces during filling. The other major loading condition resuits from drag
forces caused by ocean currents. Movable facilities are subject to the same
variable loading conditions. The effects of these loading conditions are rela-
tively greater because of the overall near-neutral buoyancy of the movable
facilities.

Installations in this category could be located virtually anywhere in ;
the world ocean at shallow water depths (less than 600 feet). The sites are
typically leve! (within 2 degrees) and exhibit soil properties ranging from
cohesive shelf deposits to granular soils and possibly sound rock. Detailed
survey and analysis of sites are performed for fixed installations. Similar
surveys are sometimes available for the sites of movable facilities.

The foundation requirements of the two classes are somewhat different.
The fixed installations require high confidence in adequate bearing capacity
and prevention of lateral motions or overturning. These installations are unaf-
fected Dy settlement or differential settlement except where this would cause
racking or overstressing in the structure or in connections to it. The movable

installations differ from the fixed facilities in that they may have much less
submerged weight for a similar-sized structure. As a result, the foundation
must provide for more relative resistance to overturning and lateral move-
ment. These installations are sometimes made of flexible members, and
thus can tolerate very large differential settiements.

The requirements for control of position during construction are
typically only moderate for fixed installations unless modular construction
isused. For movable facilities, there may be little position control (tolerances
as large as 1 mile for individual units) during deployment. Where control is
minimal, the deployment capability will likely also be minimal, consisting of
a simple “drvop-in-place.” Design life for such deployments may be short ,
(ranging from 6 months to several years). Design life for the fixed facilities ;
may be much longer (over 20 years). Many of these installations will be in
shallow-water locations which allow for return for inspection and remedial
work if required. Fuel storage in fixed seafloor facilities has been used in
shallow water by petroleum companies where economically justified. The

French are planning facilities of moderate size in deeper water.22-23 Smaller
movable facilities have been tested by the Navy. The actual need for such
facilities by the Navy is dependent upon numerous factors; however, a
demonstrable capability in the next 5 years appears desirable.
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Figure 5. Khazzan Dubei 1. (From Reference 21. Photo courtesy of Chicago
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Power Sources

A number of seafloor installations require large amounts of electrical
power for such purposes as navigation beacons, ASW surveillance systems,
communication systems, manned habitats, and seafloor work equipment.24
For short missions (less than 6 months) batteries and fuel cells can be used.

For longer term or larger power requirements, power may be supplied from
shore, surface, or near-surfacz based power sources with underwater trans-
mission cables. The on-site portions of such power systems would ordinarily
be an integral portion of other installations and would not affect foundation
selection or design except from a weight standpoint. Fuel cells are compact
(8-foot cube for a 50-kw, short-duration unit), nearly neutrally buoyant, can
be used to any water depth, and can be designed to operate in various inclined
attitudes up to 45 degrees. Batteries have che-acteristics similar to fuel cells
except that they have significant submerged weigh:. Power brought in by
electrical cable may require transformers. The characteristics of this system
are between those of fuel cells and batteries with additional restrictions on
positioning. There may be an additional load imposed by the electrical cable
which must be resisted by the foundation. Small (less than 100 watts) long-
term needs can be satisfied by radioisotope thermoelectric generators (RTGs).
These are compact (4-foot cube), heavy (to 8,000 pounds) units tha: influence
foundation requirements in 3 manner similar to batteries.

Where larger, long-term power requirements exist at remote sites, and

a seafloor source is necessary, bottom-sitting nuclear reactors may be required.
These would likely be individuat installations with specific foundation require-
ments. Weights would be high (100 to 400 tons for electrical capacities ranging
10 20 Mw) although much of this could be offset by the buoyancy of oversized
pressure-resistant housings designed for water depths to 20,000 feet. Vertical
configurations are likely (fheights to 50 feet and diameters to 30 feet). Such
installations can tolerate moder:i~ settlerent and tilting (up to 15 degrees).

A high reliability in the stability of the installation is required.

Typical sites for such reactors would be located some distance offshore
and could be anywhere in the oceans, although locations of strategic interest,
such as seamounts and mid-oceanic ridges, seem most likely. Soii properties
in these areas would often be sound, irregular rock, although materials ranging
to weak and compressible cohesive soils are possible. Sites for such installa-
tions would likely be investigated in detail. These structures require moderate
control of positioning during placement. Design iife for the installation would
vary from short- to long-term (10 to 15 years} deployments.

Small power sources, including RTGs, batteries, and fuel cells, are
used fairly regularly on the seafloor. The use of nuclear reactors at a few
installations within the next 10 years seems likely.
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Manned Installations

The installations in this category differ from those of the previous
sections primarily on the basis of required reliability and performance. Exam-
ples of these instaliations include one-atmosphere stations (such as Project
Atlantis, Figure 6) and ambient-pressure habitats (such as Tektite, Figure 7).
These installations are of intermediate size and weight (typical lateral dimen-
sions in the 10- to 70-foot range, with submerged weights ranging from 3,000
g to 80,000 pounds).
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A Figure 6. Proposed Project Atlantis manned station. (From Reference 25.
© University of Miami and Chrysier Corporation. Used by permission.)

Typical locations include the continental shelves and seamount crests
at water depths less than 600 feet. Sites in water depths to 6,000 feet in regions
bordering the above locations are also possible. These sites would probably be
located near the United States. The sites would be thoroughly investigated and
would typically consist of level terrain and granular soif. A few sites on rock
3 . and possibly on cohesive soils are also likely, although requirements for reason-
. 1 able visibility usually 2xclude the latter. Site preparation {leveling) and rather
precise control of position during emplacement will be typical.
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The two basic criteria for performance are: (1) extremely high
confidence in the stability of the site and the foundation (including bearing
capacity, overturning, and lateral stability) under atl foreseeable circumstances
(including earthquake, ocean currents, and other possible extreme loading con-
ditions), and (2) minimum tilting as a result of site topography or diiferential
seitlement {tiiting of more than 1 degree <an cause difficulties). Design life
for these installations is usually short (€ months to 1 year), although the same
structure may be redeployed at different locations. Precise monitoring of
foundation performance and means for taking remedial steps are usually
available.

Over a dozen habitats have been used in continental shelf water
depths during the past decade.! All but one were ambient-pressure habi-
tats; the exception was in very shallow water. The number of these habitats
is increasing rapidly. Depths are limited primarily by diver capabilities, except
in the case of one-atmosphere manned stations. A number of these are to the
design stage, and it seems likely that several will be in use by the end of the
decade.

Summary

The six installation categories described above encompass, either
singly or in combination, virtually all Navy seafloor instaliations in the
foreseeable future. To select a suitable foundation system, the foundation
requirements of an instalfation must be defined in terms of requirement param-

eters, determined by the mission and probable installation configuration. Many

foundaticn requirement paramzters can be proposed; however, the most impor-
tant are: (1) required reliability {confidence level), (2) sensitivity to tilting,
(3) submerged weight and (4) size (mean plan dimension).

In Table 2, the six installation categories are redefined in terms of
these foundatiun requirement parameters. The range for each parameter is
divided into three levels. For several categories, a wide variation is indicated
for some parameters. For example, in Category 11, Equipment Test Facilities,
the sensitivity may be low, moderate, or high, depending upon the mission of

the particular installation. This simply represents the fact that individual instal-

lations within a category may be quite diverse. This diversity is demonstrated
in Table 3, which shows all possible combinations of values for the four foun-
dation requirement parameters. Table 3 shows that of these 81 possible
combinations, only 19 represent real or foreseeable requirement combina-
tions as determined from Table 2.
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Tabic 4. Foundation Classes, Requirement Parar

Foundation Requirerrient Parameters

toundation

Class Size Weight | Sensitivity | Reliability ] 1. Small instrumersts and Sensurs § 11, Large Instrumented Instatlstions?)
A small smali low moderate L E
B farge small low moderate :
C large large low moderate .
D medium | medium | moderate moderate
E large medium tow high
F medium large low high
G medium | medium | moderate high
H mediurn large high high
J large medium high very high
K large large high very high -
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In the process of investigating or developing concepts for

. " foundation systems. it is desirable to work with a minimum number

of combinations. Each of the 19 combinations represents a separate set

of requirement parameters; however, the combinations are not necessarily

unique from the standpoint of the foundation systems that will satisfy the

requirements, Therefore, the 19 combinations were analyzed to determine
L ° which combinations are separately distinct and form classes by themseives,
and which combinations can be grouped together to form classes. The anal-
ysis of the toundation systems required for the 13 combinations shows that
I only 10 unique foundation classes exist. Table 3 lists these 10 foundation
classes, qualitative estimates of the number of future installations exhibiting
that combination of foundation design parameters, and an estimate of the
relative value or importance of an instailation within that class. Table 4
restates the requirement parameters for the 10 foundation classes and shows
which class will satisfy each installation category. These 10 foundation classes
_ represent the combinations of foundation requirement parameters likely to
2, ] occur within the Navy in the near future.
E To determine the optimum foundaticn system (such as multiple pile,
sgsead footing, or mat) for each class, it is necessary to consider foundation
design constraints, both environmental and technological, in addition to the

E: design parameters of each foundation class. These design constraints are
2 defined, their range of influence discussed, and their effect on foundation
system selection determined in the next section.

B FOUNBATION DESIGN CONSTRAINTS

A . The principal constraints which control the selection and design of
o a foundation system satisfying the design psrameters of 3 given foundation

3 class are related to the sediment engineering properties, the site conditions,

2 and the deployment capabilities. The sediment engineering properties that

4 control foundation selection and design are the shear strength and compres-
ks sibility characteristics. The site conditions of major interest include the

< . topography, bottom currents, water depth, and seismicity at the site. How-

= ever, in the present study, the effects of seismicity of a site upon foundation
selection and design have not been specifically considered, because it is believed
that at present the only basis for decision would be a “go/no-go” choice. The
deployment capabilities can be Givided into positioning, foad-handling, and
construction capabilities. One other factor which can affect foundation design
is the nature, or properties, of materials selected for fabrication ¢f foundation
elements.
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Generally, the environmzntal constraints (sediment properties and
site conditiorss) influence primarily the design parameters reliability and sen-
sitivity, whereas the tech:0logical constraints (deployment capabilities and
materiais) affect the vweight and size of an installation. This is illustrated in
Table 5, - *hich shwws qualitatively the degree of influence which each design
constraint exerts upon the various design paraineters.

Table 5. Relative Influences of Design Constraints on Design Parameters

Design Parameters

Design Constraints
Reliability Sensitivity Weight Size

Sediment properties x*
Topography
Bottom currents
Water depth

+ 0 Q X%

Positioning

Load hendling
Construction capabitities
Materials

O O O O + + X
O O 0O O 0O 0O X X
X X X +

+ X X O + O O

# X = major influence.
¥ 4 = intermediate influence.
€ 0 = minor influence.

To define the nature and magnitude of the foundation design
ocons.raints, available information has been collected and analyzed in the
following areas:

1. Distribution and engineering properties of seafioor sediments

! 2. Large-scale topographic features (mecrotopography) and surface
roughness {microtopography) of the seafioor

3. Distribution and magnitude of bottom currents
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4. Surface, and surface-to-bottom, poritioning capabilities
5. Load-handling capabilities

6. Seafloor construction capabilities

7. Materials for sezfloor foundations

Where appropriate, the available information has been summarized in
quantitative form to the extent possible, and future capabilities or states
of knowledge were considered in assessing the constraints on seafioor foun-
dation engineering. The results of these literature surveys are presented in
this section, as well as in several appendixes.

Environmental Factors

Sediment Properties. The bulk ot available information concerning
the distribution and physical properties o¥ seafloor sediments has bcen obtained
by marine geologists and oceancgraphers, who do not ordinarily measure or
investigate the engineering properties of the sediments. However, ceitain ten-
tative correlations between sediment type and the engineering properties of
the sediment are available. Appendix A presents detailed infci 1ation con-
cerning the classification of seafloor sediments, the distribut:  of sediment

types in the world ocean, and the engineering properties of seafloor sediments. i
In this section, some general conclusions are drawn from the information in !
Appendix A, and the effects of sediment properties upon foundation selection :
and design are discussed.

The most significant general conclission that can be drawn from
Appeidix A is that seafioor sediments fiequently are considerably weaker
and more compressible than is common for terrestrial soils. However, two
facts raust be considered: (1) most sediment sampling techniques permit a
maximum penetration of only about 10 feet into the sediment profile; and
(2) most sampling techniques prodi:ce considerably disturbed samples, whose
properties may only roughly correlate with those of the material in situ. There
is considerable theoretica! justification, and a moderate amount of experimental
evidence, for expecting the soil properties to improve {(increasing shear strength
and decreasing compressibility) with increasing depth in the sediment profile.
There is also a large volume of evidence showing that the engineering proper-
ties of undisturbed sediment are often considerably superior to those measured
from disturbed samples.

Sediments which have been investigated to an appreciable extent
{such as continental shelf and slope sediments) do not appear to have any
unique characteristics that invalidate the use of terrestrial soil mechanics

27
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theories for seafloor foundation design.2?7 However, the sediment properties
are commonly at, or just beyond, the extreme ranges of terrestrial experience.
Thus, applicable empirical data and well-documented foundation pertormance
records for terrestrial situations are scarce. Such information for seafloor sit-
uations is also very timited. The lack of information about the variation of
sediment properties with depth in the soil profile, and the scarcity of infor-
mation concerning the engineering properties of deep-ocean sediments, also
limit the level of confidence that can be placed in foundation design using
terrestrial procedures. Thus, foundations for seafloor installations will con-
tinue to be designed using very conservative procedures until case histories
and the results of further research are available.

It appears that adequate bearing capacity for seafloor installations
can be provided with careful analysis and foundation design, coupled with
careful sediment sampling and testing. Most installations will probably expe-
rience large total settlements because of the high compressibility of seatioor
sediments; the likelihood of farge differential settiements is also great. Thus,
instatlations should be designed to provide as even a load distribution as pos-
sible to minimize differential settlements. 1t may also be necessary to provide
means of compensating for such settiement in order to minimize the adverse
effects, particularly secondary stresses in the structure.

Sediment distribution is related in a general way to water depth.
Shallow-water sediments (continental shelf) are most often sands and silts;
intermediate-depth sediments (continental slope) are silts and clays; and deep-
water sediments are clays and 0ozes. This distribution can also be related to
macrotopography. The general rule is, the steeper the slope, the larger the
grain size. For example, very steep slopes are typically rock, whereas the flat
ocean basins are fine-grained clays and ooze. Also, although the correspondence
is not perfect, the strength and compressibility of seafioor sediments is related
to sediment type: sands can ordinarily be considered as strong and incompres-
sible, clays and oozes as weak and compressible, and silts as of intermediate
strength and compressibility. There are numerous exceptions, but these gen-
eral relationships are suificiently accurate for planning purposes. Thus, the
design constraints imposed upon foundation selection by seafloor sediments
will be considered to be directly related to sediment type. For the present
purpose, four sediment categories will be utilized: (1) weak and compressible
cohesive soils, (2) competent cohesive soils (average shear strength in upper 1
foot greater than 1 psi), (3) sands, and (4) rock.

Topography. The topographic features of the seafiocor can be divided
into three broad categories: (1) macrotopography. (2) microtopography, and
(3) surface roughness. The demarcations between the categories will arbitrarily
be set at 60 feet (10 fathoms) and 5 feet; in other words, features with vertical
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relief greater than 60 feet will be classified as macrotopographic features,

and those with relief between 60 and 5 feet, as microtopographic features.
Features with relief less than 5 feet are classed as surface roughness. Detailed
descriptions of the topographic features of the seafloor are contained in Appen-
dix B. In this section, general conclusions are drawn from Agpendix B, and the
effects of topography upon foundation design are discussed.

The ocean fioor was formerly believed to be flat and featureless, a
misconception fostered by hydrographic charts based on widely scattered
depth soundings. In the drawing of the charts, a uniform slope is assumed
to exist between two soundings. 1f the distance between the soundings is
100 great, significant features may be “lost.”” For example, soundings could
be made on either side of a canyon or mountain. The development of modern
depth-sounding and recording techniques has shown that seafioor topography
is essentially as variable as that of dry land. The major topographic features
of the seafloor are: (1) the continental shelf, (2) the continental slope, {3) the
continental rise, (4) the abyssal plains and hilis, (5) oceanic ridges and rises,

(6) trenches, and (7) volcanic cones. Superimposed upon these major features
are numerous hills, ridges, basins, and valleys that can also be classed as macro-
topographic features. 1n general, the microtopography and th< surface roughness
are directly related to the macrotopographic features 1;pon which they are super-
imposed; in other words, where the macrotopography is rough, the seafloor
surface is generally rough. Also, the microtopography and surface roughness
generally decrease with increasing water depth.

The topography at a given site may affect a proposed installation in
two major ways:

1. If the site is not perfectly level and flat, the installation may be
tilted with respect to a horizontal plane.

2. If the slope is great enough, either the installation may skid down
the surface of the slope, or a local slope failure may occur when the additional
load is placed thereon.

The effects of these eventualities unon foundation design are discussed below.
The topography at a given site determines the initial inclination of an
installation from a horizontal plane; thus an installation will rest approximately
at the same inclination as the local topographic siope. The inclination of an
installation may also be caused, or increased, by the surface roughness {out-
crops or ripple marks) at a site. The inclination of an installation from a
horizontal plane mav have several adverse effects which must be considered
in the design of the foundation. 1f the inclination is too great, the installa-
tion may overturn immediately. This can be prevented by careful site survey
so that the probable maximum slopes are known and anticipated in the design,
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the minimum overall lateral dimension of the foundation. For lesser inclina-

tions, the safety of the installation may still be affected by large secondary

stresses in tue structure, and the operation of the equipment or personnel

within the installation may be impaired. i

The inclination of a structure also affects the interaction between the

foundation and the underlying sediments. Most footing and mat foundations
are designed with the assumptions of uniform distribution and equal magni-
tude of soil pressure under each foundation element. If the installation lands
on a slope, the soil pressure under footings on the low side will be greater than
under footings on the high side. The higher pressures may cause relatively
greater settiements on the low side, further increasing the inclination of the
installation. For structures with a high center of gravity, overturning caused

by local overstressing of the soil and bearing-capacity failures may become a
hazard. For most other structures, the differential settlement wilt be detri-
mental to proper functioning.

The likelihood either that an instailation will skid down the surface

of a slope or that a local slope failure will occur is difficult to evaluate. To
prevent skidding, the resistance to lateral motion may be increased by increas-
ing the depth of embedment of the foundation or by the use of anchors. Where
the total foundation cannot be more deeply embedded, the effective embed-
ment depth may be increased by the use of metal plates or short piles around
the perimeter of the foundation elemenis. At a site where the probable maxi-
mum slope is so great that slope failure may result from the additional load
imposed by an installation, it may be possible to locate the installation in an
area of lesser slope within the site. However, several emplacement attempts
may be required to accomplish this; if the attempts are unsuccessfui, a decision
must be made either to accept the risk of slope failure, or to abandon the site.
The capability to stabilize a potentially hazardous underwater slope does not
exist at present.

It is apparent that seafloor topography and surface roughness are, in
general, irregular and variable. The irregularity and variability appear to be
more pronounced at shallower depths. This circumstance significantly affects
seafloor foundation engineering, since the majority of seafloor installations of
the near future will be placed in relatively shatlow water.

The degrae of constraint imposed upon foundation selection and design
by seafloor topography can be expressed by a combination of two factors:

(1) the probable overall slope that exists at a site, and (2) the magnitude of
the surface roughness. Four ranges of overall siope will be considered: less
than 1-degree slope, 1- to 4-degree slope, 4- to 10-degree slope, and greater
than 10-degree slope. Within each range, the surface roughness will be classed
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as small if the magnitude of the roughness is less than 1 foot, and as large if
the magnitude is greater than 1 foot. These categories are useful in the process
of selection of foundation systems. Manned and other sensitive structures
typically require a level operating attitude within 1 degree of the horizontal.
Structures with other missions are less sensitive to the effects of tilting; how-
ever, at attitudes greater than about 4 degrees relative to horizontal, differential
. stressing of the underlying soil becomes a serious consideration, and the possi-
bility of lateral skidding down the slope must be considered. On siopes greater
than 10 degrees, down-slope skidding is a serious consideration, and the possi-
bility of slope instability must be considered. Surface roughness superimposed
on an overall slope can either increase or decrease the attitude of the founda-
tion, depending upon how the foundation is initially emplaced. In selecting
and designing a foundation, the worst situation (where large surface roughness
will result in increased initial tilt) must be assumed. The larger the size of a
foundation, the less significant is the surface roughness.

Most seafloor installations will be relatively inaccessible. For the case
of such installations which are highly sensitive to tilting, the means to correct
for detrimental inclination (or differential settlement) must be provided by
including some form of leveling system between the structure and the foun-
dation. The need for such interfacing is determined by the actual topography
of the site; for the case of imperfect knowledge, it is determined by assuming
% the worst likely topography at the site. As shown in Appendix C, the nature
B and cost of the foundation system (including any required interfacing) for an
installation are dependent upon the accuracy of the available topographic
knowledge. In general, foundation costs may be expected to increase as the
reliability of information decreases. The relatior.ship of costs to topographic
accuracy is primarily a function of the type of installation.
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Bottom Currents. Ocean bottom currents may have fou: princips!
effects in relation to seafloor installations:

4

1. Lateral forces due to hydrodynamic drag may cause excessive soil
pressures under the “‘downstream” side of a foundation, or may cause latera! ;
motion of an installation.

s fard e

e

: 2. The currents may create scour pits, thus undermining a foundation.

YRS AR o

3. The currents may stir up the bottom sediments, thus reducing the
. visibility at a site and increasing the effective density of the fluid medium.
. This increase in density can result in large changes in the loads applied to a
- foundation by a near-neutrally buoyant structure.

4. The currents affect the accaracy with which an installation may
be placed at a given site. g
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The first two of these directly affect the performance of the foundation. The
latter twn (with the exception of the increased fluid density effect) influence
construction and positioning capabilities and will be discussed in subsequent
sections.

There are five major causes of bottom currents: (1) variation in the
density of seawater, (2) wind drag on the ocean surface, (3) tidal forces,

(4) internal waves, and (5) tsunamis.

Density currents result from the tendency of cold water to sink and
displace warmer, less-dense water. The largest sources of cold water are the
arctic and antarctic regions, from which the cold water spreads over the ocean
floor toward the equatorial regions. Density currents are believed to be dis-
tributed throughout the oceans of the world and are considered to be the
motive force of most deep-ocean circulation.

Currents induced by wind drag on the ocean surface are of two types:
(1) targe permanent ocean currents, and (2) secondary currents caused by
transitory weather conditions or wave action. The currents of the first type
are also related to the density differences in the oceans. Wind-induced cur-
rents, of either type, are primarily surface currents, because viscous friction
within the water column rapidly diminishes the available energy. The maxi-
mum depth to which secondary currents are considered to be significant is
about 600 feet. The permanent ocean currents, whether the result of wind
drag or a density difference, may be significant at much greater depths. For
example, in crossing the Blake Plateau, off Florida, the Gulf Stream has suffi-
cient force 1o scour the bottom at depths of 3,600 feet and to prevent
deposition of fine sediment over most of the plateau.28

Bottom currents due to tides can be significant to great depths. In
fact, tidal flow theoretically is virtually constant from the surface to the bot-
tom.28 However, viscous friction and inertia effects dissipate available energy
so that bottom velocities in deep water are less than surface velocities. Signi-
ficant tidal effects have been reported 100 feet above the bottom in 7,400 feet
of water. In shallow water, the botton: currents may be large, particularly at
narrow bay entrances. For instance, Sherard?® reports a tidal current with a
velocity of 6 knots at the surface and a velocity of 3 knots 2 feet above the
bottom in 100 feet of water at San Francisco Bay.

internal waves are an oscillation of the interface of adjacent stratified
water masses in the ocean. The wave action is similar in form to ordinary wind
(gravity) waves, aithough the surface motion is negligible. Internal waves can
exist in any depth of water, wherever a density stratification exists, and may
resutt from forces such as the passage of a slowly moving ship or atmospheric
pressure changes. Theoretical calcuiations indicate that bottom current velo-
cities associated with internal waves may be great enough to scour bottom
sediments.
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Tsunamis are waves which result from major seismic or volcanic
disturbances on the seafloor. The length of tsunami waves is about 100 miles,
the period is about 15 minutes, and the speed of the wave front is on the order
of 400 to 450 mph. The waves can travel thousands of miles with little loss of
energy. In deep water, the wave height is only about 2 feet, and subsurface
current velocities are less than 0.2 knot. In shallow water, the wave energy
becomes concentrated, and much greater wave heights and current velocities
may exist.

At a given location, the bottom current is likely to be the result of a
combination of the preceding causes. Ordinarily, the causes can nly be inferred
from information concerning the location, depth, and topography of a site; in
other words, where large tides are known to exist, it can be assumed that the
primary source of bottom currents is the tida! current.

The effects of the lateral forces due to hydrodynamic drag ere similar
in principle tc the effects of placing an installation on an inclination—the
higher soil pressures under foundation elements on the “downstream’’ side
of the structure may cause differential scttlements and, perhaps, overturning.
Lateral motion (skidding) may also occur. The solutions for these problems
are use of low-profile installations that offer minimum resistance to current
flow, widely spaced foundation elements, and greater embedment of the
foundation elements or anchors.

At a site where the bottom current either is relatively constant in
velocity or oscitlates in a fairly reguiar manner, an equilibrium bottom profile
is developed. The emplacement of an installation alters the flow pattern, and
a new profile will develop. This new profile may involve scour pits that under-
mine the foundation elements. Model tests are the only practicable means of
predicting the new equilibrium profile. The hazard of scour undermining may
be reduced by embedment of the foundation below the probable maximum
depth of scour and by designing the installation to minimize disturbance of
the current flow.

Direct measurements of subsurface current velocity are scarce, and
measurements made within a few feet of the bottom are rare. Often the pre-
sence of bottom currents can only be inferred from photographs of the bottom
which show ripple or scour marks. The available data indicate that bottom cur-
rents of up to 0.2 knot are common (occur in 75% of the data), currents of 0.2
to 0.5 knot occur occasionally (20% of the data), and <. irents greater than 0.5
knot occur rarely (6% of the data). However, hecause most of the reported
data are average values, greater peak currents evidently exist. Tabie 6 sum-
marizes the prnbable average velocities associated with the various types of
pottom currents. It appears that the minimum steady current which an
installation should be designed to resist is 0.5 knot. Because larger current
velocities are known to exist, direct measurement of the bottom currents at
a proposed site is desirable, if not actually mandatory.
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Table 6. Average Bottom Current Velocities

Current Type Location Velocity Remarks

Density currents are believed

Density difference found “‘;‘:"9":";" <05 knot 10 be force behind most
ns ofwo deep-ocean circulation.
small in water beyond | Wind-generated currents are T
Wind-generated shatiow water 100 meters deep confined to water less than
{<0.1 knot} 600 feet deep.
may be more than Tidal currents influence )

T .Jl currents bays. narcows, straits 1 knot in some bottom currents to great

depth.

internal waves result from

found throughout oscillation of interface of two
Internal waves world where multi- :?::: :‘E(' <' 0' al;:ms) adjacent stratified water J
layered ocean exists - masses. Very difficult 2

to detect from surface.

Energy is given to seawater,

which can move great dis- 2
. . small in deep water | tances as wa.es without loss. g
Earthquake-generated but :::M m:?:'_'c (<0.2 knot); larger | As water becomes shallow on '§
tsunamis here in c-:ean: in shallow water approach 1o land, energy &
where {>0.2 knot} becomes concentrated in less 3

and less water, producing Z

greater * _""cities. 3
3

Technological Factors

= ositioning. The task of placing an object on the seaflcor at a given
location usually consists of three separate problems: (1) establishing the sur-
e face position of the vessel relative to land, (2) maintaining surface position,

z and (3} establishing the position of the object on the seafloor relative to the
p: vessel. In general, the accuracy with which an object can be placed on the

seafloor is inversely proportional to both the distance from land and the water

‘ depth at the site. Appendix D lists the various systems that are available for .
= establishing surface position and for surface-to-bottom positioning.

H Within about 5 nautical miles of land, surface vessels can be positioned

ﬁ ’ with an accuracy of about 5 to 15 feet by visual fixes on lard with a sextant. )
g Somewhat greater accuracy can be achieved by using more precise surveying

- equipment. Beyond 5 miles, some form of radio or radar navigation equipment
5 is usually used for establishing surface position. For distances up to 200 nju-
tical miles, accuracies of 15 to 200 feet are possible. Bayond 200 miles, the '
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accuracy varies from 200 feet to 5 nautical miles, depending on the navigation
system used. Virtually ai! of the systams are adversely affected by weather
conditior:s or other atmespheric disturbance.

The mast efficient nieans of maintaining surface position depends
upon the water depthi, the size of the vessel, the probabie sea state. and the
desired accuracy and duration of position holding. In shallow water, a vessel
can be moored with shipboard equipment for short times. However, few ves-
sels carry enough gear 1o 2stabiish a reliable mooring in water deeper than about
200 feet. Boitom mooring systems become extremely complex and expensive
as the water depth, vesse! size, and desired accuracy increase. Thus, they
should he attempted only for long-term surface operations.

The other general method of maintaining position may be termed
“dynamic positioning.” In this method, a vessel is held near 2 sustable refer-
ence point {such as aiven LORAC coordinates or a seaflocr acoustic beacon)
by the controlled application of power tc counteract wind and current drift
or wave acticn. The power may be supplied by the vessel’s own engines
{including special auxiliary engines) or by auxiliary tugs for large vessels or
unpowered work platforms. The control may be either manual or automatic,
altbough manual control becomes tedious in rough seas or for long periods of
station keeping.

An object lowered to the seafloos usually will not come to rest

- immmediately below the vessel because of the efiects of subsurface currents

and vessel motion. This circuinstance ordinarily is not detiimental for single-
unit instatianhcns uniess the exact geographic location must b2 known with
great accuracy. For installations which involve the mating of several modules,

v+ £ means of controlling the position of the modules is required. Table D-2,

! ppendix D, indicates that mest of the systems which are capable of suffi-

Clent accuracy 1o permi* mating of compenents without diver aid are still in
the experimental stage. The only method currently available (positioning by
submerssiule) is quite expensive.

The difficulty and expense of accurately positioning a seaflocr
installation have several effects upon foundation design. First, the problems
involved with mating of individuatl units suggest that for the near future, most
installztions in deep water will be so designed that the foundation elements are
integral with the main structure. This will iicrease the icad-handling problems
because of the increased weight of the total unit. Second, a *’site” for a sea-
floor instaliation must be considered as an area with dimensions considerably
larger than the plan dimensions of the instaliation itsel!. Thus, topographic
suiveys and <Jil sampling must be carried out over a wide area to deterrine
tne probable variation of the respective parameters at the site, and the foun-
dation must be so designed that it will perform satisfactorily 3t any location
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within the site. Finally, the difficuity of returning to a site and relocating a
seafloor installation makc: it imperative that the foundation be as maintenance-
free as is practicable.

Load Handling. The maximum weight and size of a seafloor instailation
may often be limited by the available load-handling capability. In general, the '

lifting capacity of existing systems decreases with increasing water depth; this 2
load—depth relationship is shown in Figure 8. Most of the data points represent . %
salvage operations rather than emplacement of installations. Thus, the relation- if
ship shown may overestimate emplacement capability, because greater control ;‘g
may be required for emplacement than for salvage. - g
£
k¢
14,000 %
%z
3
12,000 g
10,000 3
3
¥ 5000 %
£ g
a
o o] 2
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£ 000 z
*
°
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0 .
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Figure 8. Lifting capacity of existing load-handling systems. (After Reference 29.)
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The marimum size of an object that can be hand!ed depends *spon
the type of surface vessai employed and on whether the vessel must handle
the load without assistance. Surface vesseis can be classified either as “ships,”
which have the major portion of the hull near the water surface, or as “'plat-
forms,” which have a major portion of the hull onnsiderably below the water
surface.3® Platforms generally have a ceriterwel! of iarge dimenstons, frequently
greater than 100 feet. Ships may have centerwelis or may handle tie !oad over
the side. The maximum dimension for the centersvell of a ship is on the order
of 20 to 25 feet. The size of lcads hairdied over the side of a ship may be
limited by boom length or overturning mornent.

The handling of an abject from a surface vessel may incuce large
dynamic stresses in th2 object as well as in the load-handling system. This
is particuiarly true if the object tnust be handled at, or above, the air—water
interface. This circumstance has the effect of increasing the weight of the
installation and of the fourdation system, because the components of the
structure and of the handling system must be designed to resist those
dynamic Icads.

Current !oad-handling capabilities constrain foundation design
primarily by limiting the size of foundation elements that can bz emplaced
from unassisted vesseis. For a ship with a centerwell, the maximum size of
the foundation elemencs will be about 20 by 20 feet. The ailowable bearirg
capacity for a footing of this size, on typical seafloor sediments, might be on
the order of 50 tons. The need to limit settlement of an instaliation may con-
siderably reduce the allowable load. Thus, if instaifations of greater wie’cht are
10 be empiacad, it will be necessary to provide assistance to handle the larger
foundation elements.

Construction Techniques. Construction in the ocean has been limited
1o depths cf a few hundred feet and has usually consisted of operations per-
formed frora the surface with moderate assistance from divers. Construction,
in the sense of assembling components to form an integrated structure, has not
heen accomplished beyond diver depths, except for vertain Gil wel! completicn
and connection procedurss still in the development stage. Thus, wne capabilities
te perform construclior operations on the seafioor can be categorized as either
diver-zssisted capabilitics or unassisted capsbiiiiies.

Divers can perform a variety of cunstruction tasks underwater but are
limited in their efficiency by bcth physiological and chysical factors. Depth
and bottom-time limitations of standard crmpressed-air diving systeras {scuba
and hard-hat) car: be overcome by utilizing mixed-gas and saturation diving
techrigues, respectively. Working dives beyond 300 feat a2re .6t unusual,
atthough they are not yet routine; the current maximum depth capability is
approximately 850 feet.
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For performance of useful work, divers require suitable tools. Portable
power tools are utilized whenever possible for efficiency. An extensive review
of tools and equipment available for divers, and of diver work procedures, is
contained in Reference 31. Virtualiy all of the work procedures necessary tor
assembly of seaflcor installations from prefabricated components {such as cut-
ting, joinirg, and driiting) can be performed by divers. The most difficult task
is the iifting and transporting of heavy components; several systems for accom-
plishing thss are being developed.

Installations beyond diver depths are ordinarily accomplished by the
lowering of complete units which do not require any assembly activity. With
few exceptiorns, submersibles have not been developed to perform construction
activities other than site reconnaissance and inspection of insta'lations. Several
yeneral-purpose submersibles are equipped with manipulators which can handle
light tasks, but generally the submersible, the manipulator, and the varicus ter-
minal devices cannot exert significant forces for lifting, transporting, or joining.
Several special-purpose submersibles are being developed for the offshore oil
industry for installing and maintaining seafioor wellheads; however, these lack
the versatility necessary for general construction.

Underwater concrete placement is a specialized construction activity
that has been proposed for use in the fabrication of seafloor installations.
Severa® placement methods are available, as indicated in Table 7. Of the avail-
abte methods, only precast concrete is suited for use in hollow, pressure-resistant
structures. 7 ne other methods would be suitable for constructing such solid sec-
tions as leveling pads and foundations.

Experience has shown that fairly complex seafioor construction activities
can be performed with the aid of divers, even though the diver/constructor is
considerably less efficient than his land counterpart. A diver is frequently
invaluable as an observer, even if he takes no direct part in the construction
activity. Beyond diver depths, presently available submersibles are useful
primariiy for abservation; considerable development is necessary before
they can be used for any major construction tasks. For the near future,
installations at depths inaccessible to divers will continue to be emplaced
as single units. As the size of seafloor installations increases, it will be neces-
sary to develop connecting devices which can be operated either automatically
or from a submersible, so that the foundations for such installations can be
emplaced separately.
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Table 7. Underwater Concrete Placement Methods

Maximum Known
Placeent Depth

Quality of
Placed Concrete

Remarks

Tremie

170 feet

good;
4,000 to 6000 psi

Syster:: consists of hopper and vertical
pipe of from 2.5 to 18 inches in diameter.
Provides continuous placement. Bottom
of pipe must be kept immersed in the
fresh concrete and 1nust be raised during
the pour with 2 minimum of disturbance
and jerking. Extenswo:n of depth limit to
400 fest possible.

Underwater
buckets

240 feet

good:
3500 1¢ 4.000 psi

Versatile system consisting of bottom-
dump buckets which deliver freshly mixed
Joncrete via cables. System best used for
mass concrete pours, where hucket can be
set on bottom. Placement not continu-
ous.

Prepacked

300 feet

good; 4,000 psi

System where coarse aggregate is placed
in forms and then grout is pumped into
voids, dispacing water. ifix of grout
very important. Complex inserts can
be preplaced in deep underwater pours.

Fapriform

untried at sea

System consists of nylon-fabric form
which is pumged full of sand-—-cement
grout, expeliing water in the process.
No rig\d forms required. Y2rious shapes
possible.

Bagged and

sacked concrete

diver depth

fair

Bags or sacks of wet or dry concrete are
lovsered to seatioor for placement by
divers. Strength of concrete mass may
be limited by tond between sacks.

Pumped
concree

untried at <ea

Concrete is forced through hoses into
forms on seafloor. Has not been used as
vet on seafloor. This system could be
used either from surface or trom subma-
rine. Avai'able pumps need 10 be
improved for sealioor applicatron

of system.

ooncrete

variable

exceilent

Concrete members are cast at 2 conve-
nient site, then iransported 1o placement
site and sunk. Careful control of mixing,
curing, and sizing is nossible. Tremie con-
crete i; sometimes used 1 juirs concrete
sacions. Widely used systeim fo- all types
of seafloor structures.
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Materials. Materials used on the seafloor are subject to deterioration
by chemical, electrochemical, mechanicai, and biological forces. For satisfac-
tory performance, a material should either be relatively unaffected by the
hostile environment or have a predictable reaction to the various forces of
deterioration. In addition, the cost, weight, strength, and compatibility with
other materials must be considered to ensure that the most effective material
is chosen for a given application. The materials that have been used most often,
and that have been nvestigated most thoroughly, are concrete,32 metals, and
plastics.33

Portiand cement concrete is frequently used in the marine environment
for bridge piers, dock and wharf structures, and deadweight anchors. Most of
the difficulties that bave been experienced have occurred between the iow tide
level and the splash zone, where alternate wetting and drying may be detfimen-
1al to unprotected concrete. Where concrete is completely and permanently
submerged, it is little affected by the marine environment unless it has been
poorly designed or manufactured (or both). The most common causes of
deterioration are abrasion by strong, coarse sediment-laden currents; attack
by rock-boring marine organisms; chemical reaction between constituents of
seawater and the concrete or aggregates; and corrosion of reinforcement. The
detrimentai effects of al! of these can be minimized, if not eliminated, by
employing dense, high-strength concrete. Other helpful techniques are {1) the
use of hard, abrasion-resistant aggregates, {2) the use of sulfate-resisting cement
and sound agyregates to resist chemical attack, and (3) the provision of suffi-
cient concrete cover over the reinforcement to minimize corrosion.

Metals are probably the most common materials for seafloor use. The
great backlog of experience and technical develcpment in ship and submersible
construction provides the maicr portion of the design technology necessary for
efficient and economical use of metals for seafloor installations. Ailthough
serious corrosion can, and does, occur in many instances, it is usually possible
to avoid difficulity by good design and proper attention to detail. Most
classes of steel have relatively uniform and predictable corrosion rates and
can be utilized for periods of exposure as long as 5 years by providing extra
thickness to allow for corrosion or by cathodic protection and painting.:’"
However, stainless steel is not recommendea decause of its nonunifarm corro-
sion behavior 3% Aluminum alloys can also be used for as long as 2 years if
provided with a paint system and cathodic protection.3¢ For longer periods
of exposure, scme nickel-base3” and titanium32 alloys can be used. Dissimilar

.
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metals must be avoided or isoiated from each other to prevent production of
galvanic cells, which lead to serious corrosion. Coatings may also be helpful,
but care must be taken not to scratch the surface, because corrosion may then
occur at the scratch.

Plastics are most often used on the seafloor for such nonstructural
applications as electrical insulation, rope, and coatings for metals. However,
some small acoustic installations have utilized polyvinyl chioride (PVC) as the
foundation element (see Figure 1). Some plastics are susceptible to biological
attack by marine wood borers when the plastic is in contact with wood; some
are also subject to deterioration from water absorption. Water absorption
causes some plastics to soften and may lead to excessive deformations in
load-carrying members.32

Experience and the results of extensive research show that all of
the foregoing materials can be used effectively in the marine environment.
The primary requ:rement is for sufficient attention to detail—such things
as eliminating galvanic couples or providing sufficient concrete cover over
reinforcement. For small, lightweight installations, rigid thermosetting plas-
tics, such as polyvinyl chloride, are suitable for use as foundation elements.
However, most seafloor installations will probably require foundations with
greater strength and stiffness than is practicable with plastics alone. 1n this
situation, the plastic can be used for the portion of the foundation which
contacts the seafloor and metal can be used for the main load-carrying mem-
bers. In this way, the metal is not in contact with the sediments (where
corrosion rates are several times those in the water column), and nearly
neutrally buoyant plastic can be used for members carrying smaller loads.
Metals can be used alone in many situations where weight is to be minimized
and the corrosion can be handled. Where the submerged weight of the foun-
dation need not be minimized or where the weight is needed, concrete is a
suitable material.

Summary

The foregoing review of factors which affect the choice and design of
a specific foundation configuration indicates several major problem areas for
seafioor foundation engineering. The problem areas, listed in approximate
order cf magnitude, are:

;
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1. Minimization of stresses induced in an installation by relative
movement of the points of suppo-t

2. Providing and maintaining a substantially level attitude of the
installation

3. Providing adequate bearing capacity

4. Preventing collapse (overturning) due to undermining
5. Preventing latera! movement

6. Minimizing total settlement

These problems are not unique; terrestrial foundation engineering has addressed
itself to these same problems for centuries. However, the magnitude of the pro-
blems is greatly amplified on the seafloor because of the environment and the
status of required technological capabilities. Table 8 indicates which of the
various factors (design constraints) affect the problem areas. These relation-
ships can be summarized as follows:

1. The status of knowledge concerning the distribution and engineering
properties of seafloor sediments is the most important factor controlling the
capability to analyze and design foundations for seafloor installations. This
is, of course, a rather obvious deduction, because the performance of a foun-
dation depends upon the character of the underlying sediments and the accuracy
and completeness with which the sediment properties have been determined.

2. The quantity and accuracy of topographic inf mation concerning
a given site significantly affect the capability to prevent relative displacement
of points of support, to provide a leve! attitude for an installation, and to pre-
vent lateral movement of an instailation. Effects upon other problems are
secondary or indirect.

3. The availability of information on bottom currents significantly
affects the capability to prevent relative movement of points of support, to
prevent overturning due to undermining, and to prevent lateral movement.

4. Positioning, load handling, construction technigques, and materials
have only secondary or insignificant effects on all problem areas. Particularly
noteworthy, however, is the fact that these four capability areas have consis-
tently identical influences on each problem area. Analysis of this identical,
secondary influence indicated that these four could be combined into a single
parameter, foundation emplacement capability, which could be more easily
utilized in the process of foundation selection.
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The range of the parameter foundation emplacement capability, along
with those of the previously discussed foundation design constraints, is indi-
cated in Table 9 under the heading Foundation Systems. Each value within the
range of one cf these design constraints represents a possible existing condition
or available capability. For an individual installation, the project engineer
would have knowledge of these conditions and capabilities {or vaiue of design
constraints) for his particular instaliation site. This knowledge, together with
information concerning the foundation requirement parameters (discussed
under FUTURE SEAFLOOR INSTALLATION REQUIREMENTS) makes
possible the selection of the appropriate type of foundation system (such as
single spread footing or multiple-pile foundation).

Ir: the process of selecting practical foundation systems for the
seafloor it is necessary to consider all likely combinations of design con-
straints and foundation design parameters. Table 9 indicates all possible
combinations. In the next section, the most practical foundation system
for each of these combinations is determined, and the most likely combina-
tions or situations are further discussed.

MY b N wns e e i e b o o

FOUNDATION SYSTEM CONCEPTS

The summary at the end of the previous section lists several
generalized problem areas that confront seafloor foundation engineering.
< it should be emphasized that these problem areas have been stated in very
broad terms, and that similar problems have been encountered {(anc in a gen-
eral sense, solved) in the practice of terrestrial foundation engineering. Thus,
terrestrial experience can suggest basic concepts for practical seafloor founda-
tion systems. Several circumstances, however, often make direct application
3 of such terrestrial concepts difficult. First, some of the concepts may require
positioning, mapping, and construction capabilities not readily available on
the seafloor. Second, certain concepts have been employed rather infrequently,
so that accumulated experience is still an imperfect guide. Finally, a single con-
cept may provide only a partial solution in a given situation, and little experience
is available concerning the interaction of combined concepts. Since it appears
likely that the exigencies of the seafloor environment will frequently dictate
the use of uncommon fourndation concepts and/or configurations, it is desira-
ble to select a number of practical concepts and to sufficiently develop each
concept so that selection and preliminary design are possible without further
research. To accomplish this, it has been necessary to consider the applica-
i bility of the concepts suggested by prior terrestrial and marine experience as
well as to generate new concepts which will most efficiently satisfy the foun-
dation requirements of foreseeable Navy seafioor installations and desigr
constraints (as indicated in Table 9). In this seciion, these concepts are
briefly des.ribed according to their function and probable configuration,
and the relative significance of each is determined.
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Description

Foundations are often described as comprising two broad groups,
shaliow and deep. Shallow foundations are usually established at an embed-
ment depth, D;, which is less than the minimum lateral dimension, B, of a given
foundation element (that is, a spread footing or mat). Such foundations essen-
tially derive their support from the soil located less than a distance B’ beneath
the itistallation, where B’ is the minimum overall iateral dimension of the total
installation {see Figure 9). The depth of embedment of deep foundations is
much greater than B; also, the ratio D,/B’ is commonly greater than 5. Deep
foundations are considered to derive a major portion of their support from
strata located greater than a distance B’ beneath the installation. Shallow and
deep foundations thus differ considerably in the methods employed to deter-
mine bearing capacity, as well as in construction techniques. Virtually all
foundation concepts and configurations can be readily classified as either
shallow or deep. Thus, the specific concepts and configurations considered
are grouped under the general categories for discussion.

Shallow Foundations

The simplest form of foundation is the single spread footing or mat,
which usually consists of only a flat plate resting on, or just beneath, the soil
surface. The footing distributes concentrated loads applied to its upper sur-
face over a larger soil bearing area. If the installation applies several concentrated
loads (such as column loads) to the foundation, and they are spaced rather far
apart, it may be more economical to provide a foundation consisting of several
spread footings, each supporting a single load. This results primarily from the
difficuity of handling large objects in the ocean, rather than from material costs.
Multiple spread footings may also be required if the total load of the installa-
tion is greater than the allowable bearing capacity of the largest single footing
practicable.

Footing and mat foundations have several features that make them
very attractive for use on the seafloor, particularly (1) the relative ease of
installation, and (2) the availability of fairly dependable rational design pro-
cedures. In many cases, the footings can be designed to be physically integral
with the installation, thus allowing a singie emplacement operation If the
footing(s) must be emplaced separateiy from the installation, emplacement
may often be possible with only a minimum of preparation ot the seafloor
surface. Avaiiable data indicate that design procedures used for terrestrial
foundations are applicable, at least in principle, to desigr: of shallow-water
foundations.2? In some shallow-water cases and in virtusily all deep-water
applications, empiricaily derived constants and/or equations may require
modification to account for differences in the soil properties.
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" The advantages ot footing and mat foundations are somewhat offset
by their susceptibility to settiement, particularly since seafloor sediments near
the water—sediment initerface can often be rather highly compressible. it
should be possible to design mosi seafloor installations to accommodate a
substantial amount of uniform settlement; that is, settlement not involving
relative mction of the points of support. It is also prcbable that many instal-
lations will not be overly sensitive to relative movement of the points of
support 10 lony as the support points remain in the same plane (such as the
tilting of a rigid mat). However, these are idealized cases; most real situations
will involve differential settlements of the points of support, particularly with
multiple-footing foundations. In generai, differential settlements are unde-
sirable, since they cause tilting of the structure and can, in some situations,
induce secondary stresses within the installation.

Other likely causes of relative displacement of the points ot support
include irregular topography and underrmining. Simple footing foundations
are also occasionally susceptibie to lateral motion caused by bottom currents
or sloping topography. Because it appears that a significant number of sea-
floor installations wiil be sensitive to such rzlative displacements, it is necessary
to develop foundetion syctems other than simple and multiple spread footings
and mat foundations. It may also be practicable to stightly modify the pro- i
perties of the svii 07 the tonography in order to reduce the possibility of !
detrimental relative movements of the suppert points of the installation. One
group of such foundation systems and auxiliary methods is based on the general
principles of shallow foundations, and includes the foltowing concepts:

(1) weight-coinpensated (floating) foundations, (2) penetrating foundations,
(2} precumpression of the soil, (4} shape-conforming foundations, (5) variably
lozded toundations, (6} protection against undermining, (7) protection against
skidding, and {8) site excavation.
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Weight-Compensated Foundations. Weight-compensated, or floating,
foundations are occasionally employed in terrestrial foundation practice to
mini~aize total and difierential settlements of a structure, or to minimize
shearing stresses in the soil. Essentially, the concept consists of constructing
the foundation so that it displaces an amount of soil equal in weight to the
. total weight of the structure. In this manner, the stress in the soil beneath
the foundation is unchanged, at least theoretically, and no settlement should
occur. In principle, the soil need possess no shear strength at all; that is, the
structure and its fcundation could be floated like a ship.

I practice, the most common use of the concept is in the utilization
of deep basements to reduce the stresses under a heavy building. 1t is not
typical to entirely climinate stress increases beneath the foundation. The
costs of excavation, arnd of providing basement walls stiong enough to with-
stand the high earth pressure:, are often too great. In the ocean environment,
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the concept is not significantly different from that of using either inherent
or added buoyancy to reduce the net load on the seafloor—an approach !
which is very common. The weight-compensated foundation could consist

of a rigid box of either metal or concrete. Although it would be possible to

allow the installation simply to setiie until it reached equilibrium, it is desira-

ble that the sediment be excavated to the required depth to allow maore positive

control of the state of stress in the sediment. .

Penetrating Foundations. Since the strength of seafloor sediments
can be expected to increase rapidly with depth in the first few feet, it may
i otten be advantageous to establish the foundation slightiy below the water—
; sediment interface to take advantage of the higher bearing capacity. The
: extremely high compressibility of these surficial sediments also makes it
desirable to penetrate several feet. In addition, the burial of the foundation
elements can be useful as a8 means of providing lateral resistance, or to miti-
gate the effects of sccur. Once again, this technique is typically employed
in terrestrial foundations. However, the technique is usually implemented
by excavating the soil to the level of the foundation. Excavation of the sea-
floor, discussed in detail in a subsequent section, in water of more than
moderate depth, will be difficult and expensive. In very soft sediments,
it may not be possible to hold an excavation open, and in any case it will

) be difficult to position an installation within an excavation. Thus, it is
3 : desirable to consider foundations that will penetrate through the weak
s upper layers and thus require no excavation of the site. The primary force
% behind the penetration could be the inertia of the installation as it is lowered

to the seafloor. {Note that a weight-compensated foundation that is allowed
to sink of its own weight could be classified as a penetrating foundaticn.) it

two distinct cases: {1) where the site is underlain by compressible cohesive

z may be desirable 10 utilize water jets beneath the foundation to aid in displac-
3 ing the sediments. One suggested approach would utilize a water-filled bag

= attached to the underside of the foundation. As this bag woul!d begin to
enetrate the seafloor and push some of the softer sediments aside, it would
% burst and the released water would tend to wash additional sediment out of

- the way. This concept and a more conventional approach are illustrated in

: Figure 10.

2 Precompression of the Soil. This generai concept may be applied in

=

3 soils, and (2} where the site is underiain by loose cohesionless soils. Settie- .
-. ment of a structure that must be constructed over a compressible cohesive

soil may be minimized by causing the soil to consolidate prior to construction.
- This has been accomplished on iand either by preloading the soil with a sur-
charge or by inducing drainage of the pore water with sand drains. The process
3
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mus: be initiated corsiderably in sdvance of construction in order t2 allow
time for *ne pore water to drain from the soil. The pracess ordinarily has the
ecdad advantage of increasing the shiearing sirength of the soil, thus permitting
a {onndation with z sialler bearing area. At the end of the precompression
period, the surcharge is reroved and the structure is built. The length of the
precompression period, and the amount of suicharge required, depenc upon

. the degree of consolidati in desired!, and the characteristics of the soil, parti-
culariy the coefficient of consolidation which conirols the rate at which
consolidation occurs.

- On the seafloor, this concept might be applied in twe ways: (1) by

the preceding process of praloading with a surcharge, or (2) by inducing an
effective surcharge on the soi! by applying a regative relative pressure to the
pore water in the soil. In effect, the second methcd would utiiize a pertion

of the weight of the water column above the soii as a surcharge. The precom-
pression of a farge crea by the second techniaue would raquire 3 separdte power
source for pumping. For individual or muitiple footings of moderate size, this
appears to be fairlv simple to accomplish.

Figure 11 illustrates schematicaily how a preconschidating footing
would look; Figure 12 shows a model preconsolidating footing used in
Iaboratory-scale investigations of this concept.

Results of a typical short-term load test of two identical 7-inch-
diameter footings, Gne subjected to a preconsolidation pressure 6f 5 psi for
3 days, are shown in Figure 13. These data illustrate the two distinct attributes
of preconsolidation of a site- {1} the increase in the ultimate bearing capacity
(in this case from approximately 130 to 190 psf); and (2) the decrease in the
amount of settlemeit which wiil occur at allowable bearing pressures {virtually
zero immediate settlement at a bearing pressure of 60 psf on the preconsolidating
footing, and 0.1 inch immediate settlement at a pressure of 40 psf for <ne simple
footing). These settlements are immediate or plastic settlements iather than
long-term settlements attributable to primary consolidation or secondary com-
pression; however, the magnitude of immediate settiement can be taken as an
indication of the expected relative magnitude of long-term settlement.

The use of a physical surcharge as required in the prelading “oncept
for accomplishing precompression is somewhat limited by the requirzment to
provide a preload greater than the structure weight and then to remove the
surcharge when the precompression is complete. A cuncept utilizing this tech-

. nique is illustrated in Figure 14. This particular concept has the additional
advantage of using the preload weights as surcharge subsequent to the pre-
loading phase, thus iricreasing the bearing capacity of the foundation.
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b. After preloading phase with preload acting as surcharge.
Figure 14. Preloading foundation.

It may occasionally be necessary i0 compact loose deposits of
cohesioniess soils in order to increase stability and prevent large settlements
due to vibration of the installation or due to shock (blast or earthquake) 1oad-
ings. This can be accomplished by vibrating the soil prior to construction. In
some situations it may be possible through the use of explosives to etfect den-
sification through shock loading.

Shape-Conforming Foundations. For the near future, most seaflocr
installations are expected to occupy relatively shallow-water sites in positiors
on the continental shelves and slopes, midocean ridges, and seamounts. These
sites will occasionally present problems for the fiat-plate spread footing or mat
because irregular topography or rock outcrop may be encountered. The use of
such footings on rock surfaces would require highly overdesigned bearing ele-
ments. Similar use on irregular-surfaced wezk soils could lead to undesirable
local bearing-capacity failures.
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Several techniques could be used in these two situations to provide a
means of conforming to the seafloor surface. A footing could be cast in place
{using a material such as concrete) or the space beneath a rigid footing could
be filled with some material such as grout to give continuous contact. A spe-
cially designed prefabricated spread footing might be used to accomplish very
nearly the same effect and would be more useful in deep water. The bottom
of the foundation would be provided with a thick layer of crushable material. .
When emplaced upon a very irregular, hard surface, the crushable material
would collapse at points of high bearing stress, thus transferring load to other
contact areas until a nearly uniform bearing stress condition is reached. Cn
wesak soils exhibiting irregular topography, the same purpose can be accom-
plished by the use of multiple articulated spread footings arranged in a
triangular or other determinate pattern. (Such a configuration is illustrated
in Figure 15.)

o e e b nb x84

Variably Loaded Foundations. For most structures located on
cohesive seafloor soils, the foundation design is more heavily influenced by
considerations of settlement than by the limitations imposed by bearing capa-
city. In designing to minimize differential settlement one approach is to
decrease the bearing pressure where excessive focal settlement is occurring.
The most direct method of accomplishing this on the seafloor is to increase
the bearing area and thus decrease the applied stress. By using shallow cone-
shaped or slightly curved (dish-shaped and concave upward) footings, the area
of contact of an individual spread footing can be increased as settlement or
penetration into the seafloor occurs. In this manner, further settiement at
that footing will be slowed by the decrease in bearing pressure. The same
approach can be used with footings of other shapes, such as square and strip
footings.

Such a footing configuration vould be slightly awkward in appearance
and might seem to be an uneconomical use of possible bearing area. This con-
cept can be applied, however, where a seafloor structure cannot toleiate
differential settiement or tiiting, and this is the main constraint in foundation
design.

Another concept utilizing a variable loading technique involves the
embedment of a keying edge. In this situation, the objective is proper foun-

: dation instsllation rather than minimization of differential settlement. Several
7 foundation concepts described in subsequent sections require such a keying
edge. The force required for proper embedment can be rather large and is
sensitive to any variation in soil properties. In most cases, the depth and thick-
ness of the edge will be selected on the basis of the soil properties at the site.
At many locations, the proper evaluatior of these properties would be expen-
sive and in some cases extremely difficult. In this situation, a standard keying
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edge mounted on the perimeter of a flexible footing (typically circular) could
be used, and a detailed evaluation of soil properties forgone. The flexibility
of the footing would be designed to apply up to three-quarters of the entire
load on the footing to the keying edge. !f the edge does not completely
embed under this ioad (because of strong soil), the flexibility of the footing
allows the edge to deform to such an extent that the footing will still bear
upon the soil over the center of itsarea. Thus, the footing could be used on
soils ranging from weak and compressible to more corapetent, and precise
data on the soil properties at the site would not be required.

Figure 15. Tripodal arsangement of articulated spread footings.
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Protection Against Undermining. Experience with seafloor structures
has shown that undermining due to the scouring action of bottom currents
and surge, and to biological activity {such as undermining by crabs and fish)
can lead to failure of the foundation. 4% One foundation concept which mini-
mizes this effect is a low-profile, streamlined, spread footing with a perimeter
cutting edge. The low and streamlined profile reduces disturbance to natural
flow patterns. This disturbance or turbulence causes the scouring. The
embedded perimeter edge forms a mechanical barrier to prevent the loss of
material from beneath the focting. This cutting edge also aids in the preven-
tion of such biolcgical activity as anima! undermining. Enclosing the soil
completely on top and on all sides with a relatively impervious material {such
as concrete, metal, or plastic) prevents oxygen from getting to the soil, and
thus creates an anaerobic environment toxic to almost all living forms. The
perimeter edge also acts as a mechanical barrier to any burrowing animals
which might undermine a footing.

T T T e N

.

Protection Against Skidding. Therz have been at least two known
instances where a simple spread footing has skidded down a gentle slope, or
started t0 do s0.! One means of preventing such movement is the use of keys
on the underside of the footing. These mechanicai projections are designed to
key the footing intc the deeper soils, which have more strength and resistance
to lateral motion. Several variations of this keying concept are possible. For
granular soils, these keys may be relatively smail and located under the center
of the footing, where proper embedment can be more easily effected. For
cohesive soils, a larger key is typically required. The simplest solution in this
case is a perimeter keying edge which has the additional capabilities described
under the preceding section,

Protection against skidding may be very critical on a rack bottom,
because such a surface is likely to be irregular and/or sloping. In this case,
the mechanical projections would probably take the form of short {stubby)
piles with sharpened points. These would be designed gither to penetrate the
rock surface or to fodge in irregularities in the rock surface in order to provide
lateral resistance. The lateral resistance would be enhanced by designing the
*piles” *o project somewhat outward, rather than directly perpendicutar to
the foundation. Also, the overall stability would be enkanced if the piles were -
arranged in a tripodal or otherwise determinate pattern {Figure 16).
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Site Excavation. Shallow foundations are either embedded slightly .
into the seafloor or located at the seafloor surface. The former requires a
means of accomplishing the embedment. One approach is on-site excavation
of material.
For a structure with a foundation located at the seafloor surface, the
existing topography can have a significant effect upon the performance of a
foundation. A foundation deployed cn a slope is subject to additional tilting
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z as a resuit of differential loading and settlement. The differentia! ioading ;
3 increases the possibility of local bearing capacity faitures. Such a foundation
% can also be subject to lateral skidding if initial inclination is sufficiently steep B
: and proper protection, as described in the preceding section, is not provided. *
4 Froblems resulting from initial E:
g inclination can be reduced if the :
. site is leveled prior to emplace- 3
3 _— ment of the foundation: Site.
leveling can be accomplished in %

* several ways, including site exca- 3

— vation.

Excavation can be 3

accomplished by several mechan-
ical concepts, such as those shown
Figure 16. Multiple stubby pile in Figure 17. Typically, a rather
configuration. complex device and control system
wgould be required at all except the
shallower sites where divers could
accomplish the work. Excavation
at a site for purposes of either foundation embedment or site leveling would )
typically improve foundation performance. However, consideration must be
given to the possibility of mass instability of the excavated site and of the soil
which is removed.
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Deep Foundations

Rl

Deep foundations are utilized where the upper layers of soil are too
weak or compressible to execute a satisfactory spread fourdation, and thus
the structure loads must be transferred to more suitable soil at greater depth. &
Deep foundations may also be empioyed to eiiminate the effects of scour, to
provide lateral stability to the foundation, and to provide uplift resistance. :

Deep foundations are usualiy ~lassified as piles, piers, or caissons.

The classifications are commonly based upon the method of instaliation and

. perhaps the relative size {length-to-diameter ratio) of a given foundation element.
For the present purpose, piles will be defined as deep foundation elements
emplaced primarily by driving, vibrating, or jacking, with soil excavated only

. to ssist penetration. Piers and caissons are deep foundation elements emplaced

’ primarily by excavation of soil, followed by in-place censtruction of the mem-

ber {ordinarily by concreting). With a single exception, construction methods

= for piers or caissons will be limited to relatively shallow water {on the order of

5 300 feet). The only method wheteby soil can be excavated to a significant depth
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in the soil profile in relatively deep water is the use of marine oil-drilling
techniques and equipment. Thus, the following discussion will be confined
to piles, with the understanding that drilled-in piers are included.

- D - wanw— h L

Types of Piles. Piles are ordinarily classified as frictior. piles or
point-bearing piles. Friction piles transfer most of the applied load by fric-
tion and adhesion between the soil and the side of the pile. Point-bearing piles
transfer most of the applied load to a firm stratum at the tip of the pile. The
analysis and design criteria are significantly different for the two idealized cases,
and the choice of type depends upon the soil profile. Ordinarily, point-bearing .
piles are preferred, because the analysis and design procedures are more reliable
than for friction piles. Friction piles are utilized where a firm bearing stratum
cannot be reached economically, which is anticipated to be the typical situa-

tion on the seafloor.

Pile Foundations. Terrestrial pile foundations usually utilize at least
three piles in a group to support column loads; it is quite common for pile
groups to contain many more than three piles. However, it is anticipated that
it will be desirable to emplace a minimum of piles for a seafloor foundation
to minimize disturbance to the soil and to minimize installation costs. Thus,

a foundation consisting of a single pile will be an attracti.< solution in many
cases, particularly for compact installations of moderate weig, t which requive
rather high reliability. Installations of laroe size and/or weight will require

’ multiple-pile foundations for sufficient load capacity and stability. However,

E the emphasis will still be on utilizing the minimum practicable number of piles.
Thus, the spacing between piles will be considerably greater than is common

g on land, and analysis and design procedures will be somewhat different, because
g terrestria! procedures take into account significant interacticn among piles in

3 x agroup. These differences are not likely to require radical ct-anges in design

3 approach. However, the most signiticant drawback to pile foundations is the
lack of an emplacement method for deep-water applications. Exploratory

vf research and development is being conducted to develop a seafloor pile emplace-
' ment system, and it is anticipated that this drawback can be eliminated in the

relatively near future.
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Structure—Foundation Interfacing System

A_qt‘\ Chits?

Terrestrial structures are typically attached rigidly io their foundations.
This may not be the most desirable situation on the seafloor for three reasons:
{1) the sites for most seafloor foundations will not be prepared (compacted or
3 ’ excavated), thus the entire soil profile and its naturally occurring properties
must be utilized in the design; {2) existing topography is a rough and uneven
foundation base by terrestrial standards but must be accommodated by the
foundation design; and (3) differential settlements will typically be much

larger for seafloor conditions.
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for site excavators. (After Reference 41.)
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For the many seafloor structures which will be sensitive to tilting and
differentiai settlement and for larger structures requiring numerous founda-
tion elements, or points of support, some type of intz tacing system may be
required. Such a system would be designed 1 ievel a structure deployed on
irregular or sloping topography, distribute the foads of a structure to the
various points of support on a foundation sysiem, and maintain a structure
in a level attitude as foundation elements are subjected to settlement, possibly
differentially, over time.

Such 2 system could be made ug of a series of jacks {mechanical or
hydrauiic) which wouid be individually activated to adjust load or elevation
relative to the foundation element. Such a system could be used in conjunc-
tion with any type of foundation configuration including muitiple piles,
multiple spread footings, large mai foundations, and others.

Selection of Foundation Systems

The preceding portion of this section has listed and discussed a
number of types of possible foundation systems. This list included several
terrestrial foundation systems which appear applicable, or have been used, in
the seafloor environment. A number of other concepts for seafloor founda-
tion systems were also listed. These were based on ideas suggested directly
by others or indirectly by their work, or generated as a result of the investi-
gation summarized in this report. Some of these are concepts for a complete
foundation system; others are only a component of a total system. These
components are usually designed to help in one situation or to hand!e one
particular type of problem. When combined with other components or added
to other concepts, these give a total foundation system.

Each system, or coliection of components making up a system, has
a particular set of characteristics which determine the situations {(combina-
tions of foundation requirements and foundation design constraints, see
Table 8) for which it is best suited. For example, a single spread footing
with a keying edge is best suited for installations of small size and weight
requiring resistance to lateral motion or protection from undermining by
animais or current scouring action. Thus, it is particularly well adapted for
sites on gentle slopes and in regions exhibiting moderate currents or biolog-
ical activity. A review of all concepts and combinations giving total foundation
systems showed that altogether there are 21 unique praciucal foundation con-
cepts among which all possible situations could be handied. These are listed
in Table 10.
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Symbol

PNR
MF
MFWE
MFE
MFC
MFG
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Table 10. Practical Foundation Concepts

Faundation Description

Siniple spread focting

Keyed spread footing

Preconsolidating spread footirg

Preloaded spread footing

Variably 'oaded spiead fcoting
Shape-conforming or viclding spread footing
Penetrating seread footing

Multiple simple spread footing

Tripodal arrangenient of aiiculated SSU's
MSTA configuration using SSN's

MSTA configuration using SSY’s

MS configuration using SSP’s

Single-pile fou.dation

Multipie-pile foundation

Multiple stcbby pile foundation

Mat foundaticn

Weight-compensated mat foundation

Mat foundation on preteveled site
Cast-in-place mat foundaticn
Undergrouted mat foundation

Structure—foundaticn interfacing system

One »f the objectives of the study summi: rized in this report was the
determination of the foundation system concepts which would be the m.ost
oractical, from the standpoint of satisfying foreseeable Navy needs for seafloor
structures and accommodating the design constraints imposed by likely site
characteristics. Table 9 indicates all possible combinations of foundation
requirement classes (foreseeable Navy needs) and foundation design constraints
Iboth environmentatl and technological). For each of these possiole situations
the practical foundation concept which best satisfied the requirements and
constraints was determined. The concepts selected for each of the situations

are shown in Table 11.
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Table 11. Selected Practical Foundatiqg

{For detinitions of systems refer 1o Tabl
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Of the 21 concepts listed in Table 10, only 15 were determined to be
required to satisfy all of the possible situations shown on Table 11. It is also
indicated by this table that of these 15 some are required in a larger number
of situations than others. Another consideration which must be made is the
fact that all of these situations are not equally likely. Table 3 indicates that
there is a larger predicted need for future foundations in Foundation Require-
ment Classes A, D, and G. Class J is also a more immediate need because it
includes the requirements representative of the first manned installations.
Similarly, not all possible variations o each design constraint are equally
likely, in fact the likely limiting design constraints are somewhat related to
the foundation requirement class. This is because foundations in each class
typically have similar missions. These missions typically determine location,
and design constraints are primarily a function of location and site conditions.

Table 12 indicates the combinations of foundation requirement classes
and likely design constraints expected to occur most Gften in the foreseeable
future. A summary of the practical foundation concepts providing the best
solution for each of these situations indicates that 11 systems are required.
These 1 caididate foundation systems are discussed in the next section.

RESULTS AND DISCUSSION

Foundation Selection

In the preceding sections, a systematic procedure, illustrated in
igure 18 as a flow chart, has been used to select 11 candidate practical
foundations. To accomplish this, foreseeable Navy needs for seafloor instal-
lations have been summarized according to installation categories {Table 1}.
The foundation performance criteria for these installations were defined in
terms of foundation requirement parameters useful for foundation analysis
and design. These parameters include reliability, sensitivity to tilting, weight,
and size; they are summarized for each installation category in Table 2. By
considering only the most likely, or most critical, cembinations of foundation
requirement parameters, the foundation needs for foreseeable Navy instalia-
tions can be categorized into 10 foundation requiremant classes (Table 4).
The influence of environmental conditions {such as soil type, macrotopography
and microtopography, and bottom currents), and the limitations imposed by
existing technological capabilities (such as load handling, positioning, and sea-
floor construction capability), have been summarized in terms of foundation
design constraints (Table 9). The requirement classes and design constraints
were systematically combined into situations, for each of which a practical
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foundation solution could be selected (Table 9). Possible foundation sys-
tem concents and configurations were analyzed, and a group of 21 practical
foundation concepts was selected {Table 10). The probe*le performance }
characteristics of each of the practical concepts were compared {0 the perfor- !
mance requirements of each of the situations (Table 9). By considering only !
thosa situations likely to occur in the near future, the number of concepts to
be emphasized for development was reduced to 11 (Table 12). These 11 .
concepts are the candidate foundation systems, among which all foreseeable
near-term requirements can be satisfied under expected design constraints.
Table 13 lists the 11 candidate systems, and summarizes the general charac- -
. teristics of each system. Conceptual designs or configurations for several of
-, these candidates are presenited in Appendix E. Estimates of performance for

: each of these proposed configurations under one or more sets of design

: constraints also are summarized in Appendix E. These give an idea of the
foundation behavior that might be expected on the seafloor.

X

|

14

developed in section
entitied Foundation
E Systems Concepts
3 instailation foundation practicat
categories design foundation
4 . constraints concepts
, |
; foundation foundstion
} requirement requirement
parameters classes
\ —— N, / ‘
deveiloped in section entitled possible
Future Sesfloor installation Requirements situsticas
I
developed in section
entitied Foundation candidete -
Design Constraints foundation
ad -

Figure 18. Systematic procedure for selectior. of candidate practical foundation
systems.
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Examples

The systematic procedure outlined above, and presented in Figure 18,
can be used to select the appropriate foundation configuration for an individua!
seafloor installation, where sufficient data coiicerning the inistallation and the
proposed site exist, or can be reasonably assumed. The following three hypo-
thetical examples illustrate the procedure.

Example—Instrumented Test Stand. A test stand designed to expose
material samples to the environmen, and to monitor several environmental
parameters such as temperature, salinity, and current, is to be deployed for
1 year in the Pacific Ocean at a water depth of 12,000 feet. This installation,
similar to the one shown in Figure 2, is to be 10 by 12 by 10 feet high and
weigh 3,000 pounds in water. This information can be used to determine the
foundation requirement ciass for this installation as follows: (a) thisisan
unmanned, nonstrategic installation and thus probaoly requires only moder-
ate reliability (0.9 as defined in Table 2); (b} none of the instrumentation is
sensitive to tilting, thus it would be classed as having low sensitivity; (c} its
weight is small (less than 2 tons submerged); and (d) its size is small {mean
lateral dimensions of less than 12 1eet). From Table 3 it can be seen that
these values of the four requirement parameters define Foundation Require-
ment Class A.

The available data on the proposed site indicate: (a) the soil is weak
and compressible cohesive soil {undrained strength iess than 1 psi at a soil
depth of 1 foot); (b} the overall slope, or macr« topcgraphy {determined from
mapping the area), is less than 1 degree, and the surface roughness (ascertained
from bottom photographs} is small; and (c) the observed bottom currents are
less than 0.5 knot. The emplacement procedure involves simply lowering and
releasing the installation with the foundation attached. This capability (light-
weight, single module) is limited primarily by the water desth. Taking these
four design constraints and referring to Table 11 for Foundation Requirement
Class A, one obtains the four suggested practizal foundation concepts SSU
(keyed spread footing, see Table 10 for definitions}, SS (simple spread footing},
SS, and SS, respectively. Because the SSU determination is more restrictive
than the SS., it is the necessary selection for this installation. (An example
of a keyed spr. ad footing configuration is shown in Figure E-2, in Appendix
E)

Exsmple—Rigid Acoustic Array. The second example is an installa-
tion with maximum dimensions of 15 by 25 by 20 feet high, which contains
a directional, rigid acoustic array. This open-framed structure weighs 12 tons
submerged and is to be placed on top of a seamount in 3,000 fect of water.
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Thie foundation requirement parameters can be detzrmined, by referring 10
Table 2, as foilows: (a) this could be a fairly strategic installation, thus the
required reliability is high (0.99); (b) because it is cirectional, its sensitivity

to tilt i< high (cannot tolerate more than 1-degree tilt); (c) the submerged
weight is medium (between 2 and 20 tons}; and (d) the size is medium (mean
lateral dimension between 12 and 40 feet). Table 3 indicates that Foundation
Requirement Class H satisfies the need.
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With respect to design constraints, bottom photographs of A
the intended site incicate the surface material to be sound rock which
is very irreguler on a local scale {microtopography). Topographic mapping i E
of the area with a bottom sounder indicates the overall slope (macrotopogra- 3
phy) 10 average 7 degrees. Maximum bottom currents are estimated to be :

large (greater than 0.5 knot). Because of the water depth, typical sea states

at the site, and a possible interest in covert emplacement, a heavyweight, single
module emplacement capability is the maximum available. The following
determinations can be made from Table 11 for a Foundation Requirement

Class H: (3) for a seafloor sediment type of rock, a PMR (multiple stubby

pile foundation, trom Table 10) is recommended; (b) for the topography (4-

to 10-degree overall slope and large surface roughness) a PMQ (muiltiple pile
foundation) is recommended:; (c) large bottom currents suggest a FMQ again;
and (d} the foundation emplacemen _apability suggests a MF (mat foundation).
More important, the foundation emplacemenrt capability excludes the PMQ,

ot LY RN € O 000 ke g g St et Wy

which requires a capability 10 stay on site and carry out multimodule assembly

or seaflcor construction. In this case a PNiR (multiple stubby pile foundation,

such as the one shown in Figure 16) would be the overall szl2ction, because it

can be emplaced with the structure as a single module. Because this installa- h

tion musi be within 1 degree ot level and the overall slope averages 7 degrees, »
E

a structure—foundation interfacing system would be necessary. An initial
leveling capability is all that is required of the system in this case, because
only negligible long-terrn differential sett!ement would be expected on sound
rock.

A A, irhies

dase

Example—Mannnd Habitat. The third example is a manned habitat.
Because man-rating of th* foundation is necessary, reliahility must be very
high (0.999). Similarly, tilting greater than 1 degree is noticeable to men, and
as the tilt increases above this value their concern, a .1 resulting work ineffi-
ciency, tends to increase. Therefore, sensitivity is ratea as hioh. The submerged .
weight of the installation, when ballasted down on the seaiicor, is to be 50,000
pounds, which classifies its weight as large. The maximum lateral dimengic: s
of the instaliation are 40 by 80 feet, thus the size is large. Table 3 indicaies
that Foundation Requirement Class K fits these characteristics.
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The proposed site for this installation is to be 0.1 a coral sand in
850 feet of water at a relatively protected location. The seafloor is relatively
smooth (small surface roughness) and has a gentle slope of 2 degrees. Maximum
bottom currents are slightly greater than 0.5 knot. Divers wi!l be working at the
site, and because both sea states and equipment availability will be favorable, a
capability for seafloor construction will exist. For these four foundstion dasign
constraints, the respective sugeested foundation configurations for Class K are
MFE (mat foundation on preleveled site}, PMQ (multiple pile foundation),
PMQ, and PMQ. In this case, the co:.straints requiring the PMQ are niore
restrictive than the one suggesting MFE, thus the selected foundation config-
uration for this example situation wouid be a multiple pile foundation. (An
example of this configuration is shown in Figure E-7, in Appendix E_,

CONCLUSIONS

In the processes of coliecting data for thi: study and carrying out the
systematic foundation analysis, the following conciusions were reached.

1. Analysis cf available information indicates that the Navy has an increasing
need for seafioor installations requiring fouridation support. This increase is
in terms of total number of future insta‘lations as well as in terms of their size,
weight, complexity, and importance.

2. To select cr design 2 foundation, it is necessary that the requirements for
the foundation be defined quantitatively in terms of the apprcpriate parameters,
including required reliabirity and sensitivity of an instaliation to tiltiag.

3. The selection and design of a ioundatior: system are heavily influenced by
the cnvironmental and technological design consireints. Tnose having the
largest infiuence include sediment type, topography, and empiacement capa-
bility. Tie latter conriraint currently imposes a serious limitation on both the
size and weight of seafloor instaliations and foundation systems

4. The increasing number and diversity of requirements for fuiure Navy
instaHations, and the variety ¢f environmental and 1echnological conditions
under which they will be emplaced, are resulting in a general diversification
of foundati_i needs, which will require a variety of foundation systems to
satisfy these needs.

5. Foundation systems can be projected which will satisfy all foreseeable
requirements and combinations of design censtraints.

6. The 11 candidate foundation systems listed in Table 13 wilt satisfy all
foreseeatle near-term Navy needs. Some ci u.ase systems require additional
development.

3
b
bl
B3

2

SR AT S et

040 ke e

S P TR e B BN A s A B

\ Nt
%&ﬁu MO AL i P MARERS b er AL It Y 5 WA FD 540 AW W XL Lt Sarsh AL Lo B st it A e i H0) gL desion S

TP SR /- T P S ST



X

BN i 1L LT LT T T s m s g e i,

7. A systematic approach s ch as that utilized in these analyses of foundation
classes, design constraints, and candidate foundations is an absolute necessity
in handling foundation design information properiy.

8. This systematic approach can be utilized in the design procedure for actual
individual installation foundations. Its value in such an application can be
increased by keeping the analysis as quantitative as is consistent with available
data.
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Appendix A

DISTRIBUTION AND ENGINEERING PROPERTIES OF
SEAFLOOR SEDIMENTS

INTRODUCT!ON

The bulk of available information concerning seafloor sediments has
been obtained by marine geologists and oceanographers. Thus, much of the
published information is useful only for determining the geographical distribu-
tior: ot generalized sediment types; not for (etermining ergineering properties.
Certain correlations between sediment type and the engineering properties »_{
the sediment are available and are discussed below. However, it will be helpful
to describe briefly the usual methcd of sediment classification used by marine
geologists and to define certain terms that are cornmonly used in the literature.

CLASSIFICATION OF SEAFLOOR SEDIMENTS

Marine geologiss ordinarily classify sediments primarily on the basis
ot grain size and secondarily on the origin or composition of the sediment
particles. The most common grain size scale is the Wentworth Scale {Tabie A-1).

Table A-1. Wentworth Scale of Grain Size

Note: 1,000 microns = 1 millimeter

r Classificatinn Grezin Diameter {microns)
gravel >200
sand 200010625
silt 6251039
<39
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The U.S. Navy Oceanographic Office uses the same scale, except that the
division between silt and clay is placed at 2 microns. The sediment is classi-

fied according to the predominant grain size; if more than one grain size is
present, combination terms (such as silty sand) are derived from a triangular
classification chart (Figure A-1). (It should be noted that the silt and clay
fractions of a sediment are frequently referred to simply as “mud.”’) Super-
imposed upon the textural classification system is a less systematic set of .
descriptive terms based on the origin or composition of the sediment par-

ticles. Sediment particles are referred to as terrigenic when derived from
material eroded from the continents; as organic or biogenic when derived -
from the skeletal remains of marine plants and animals; and as authigenic

when precipitated from minerals in seawater. Organic particles are further
classified as calcareous when derived from organisms whose shells or skeietons
consist of calcium carbonate (coral, globigerina, pteropods, etc.), and as sili-
ceous when derived from skeletons made of silica (diatoms and radiolaria).

A silt or clay sediment ("’mud"”’) containing more than 30% by volume of
organic particles is called an coze. Other index properties useful for engineer-
ing classification, such as the plasticity characteristics, or engineering properties,
such as shear strength and compressibility, are usually not reported in data
published before about 1960. More recent investigations frequently report
such data because of the increased interest in ocean engineering and because

of the usefulness of certain engineering data in evaluating the depositional
history of seafloor sediments.

DISTRIBUTION OF SEDIMENT TYPES

The general distribution of sediment types on the seafloor is shown
in Figure A-2. This map was compiled from several sources and indicates only
the predominant sediment types in the upper few feet of the seafloor. Local
anomalies exist which cannot be plotted on such a small-scale map. Table A-2
shows the percentage of the seafloor covered by the major sediment types.
The distribution of seafloor sediments is related in a general way to
the topography of the seafloor. The most common sediments of the deep-
ocean basins (beyond the continental rise) are calcareous oozes and ‘‘red clay."”
"Red clay’ is an inorganic clay derived from atmospheric dust, from fine-grained
terrigenic sediments that have been transported great distances by ocean cur-
rents, and to a minor extent from meteorites and volcanic dust. {The term
“red clay’’ is unfortunate, because deep-ocean clays are most often brown.
The term "'brown clay’’ is becoming more common in recent literature.)
Other deep-ocean sediments include siliceous oozes, authigenic sediments
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such as manganese nodules and phillipsite, and a few terrigenic sand layars
probably deposited by turbidity currents. The predominant sediment oi the
continental rises is terrigenic silt, which differs from the deep-ocean brown
clay primarily in grain size.

Cluy
°p%
clay
B
g
sand %
A ult 3
Bl
'E% clay ;g
: g
- . 20 -
E H
S0

St Size Fraction (%)

Figure A-1. Trilineal oceanic classification chart.
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z The sediments of the continental slopes and shelves are most diverse,
? and the sediment dictribution is greatly affected by loca! topographic, geogra-
E phic, and geologic features. !t should be noted that rather large areas of the :
5 ) . :
E shelves and slopes are not covered by sediments; other areas have a relatively }
E thin layer of sediment overlying bedrock. These areas are not indicated in
5 Figure A-2, because they aie too small to plot. About 60% of the continental i
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siopes is covered by silts, 25% by sand, 10% by gravel, and 5% by shells and
00z2.28 The sediment distribution on the continental shelves is so complex
that any generalizations are likely to be misleading. One generalization appears
valid—the classical hypothesis that the sediments grade uniformly from coaise
to fine with increasing distance from shore is the exception rather than the
rule. The predominant sediment on the shelves is sand; silt is the next most
common sediment. Both the sands and silts are usuaily terrigenic; orgaric
sands and silts are common in warm-water areas.

Table A-2. Percentage of Seafloor Covered by Sediments
{Atter Reference 42. © National Security
Industrial Associaticn. Used by permission.)

. Percentage of Average Depth
Type of Deposit Seafloor {feet)

Terrigenic

Shelf sediments 8 328

Mud {blue. green, volcanic,

coral) 18 6.700

Pelagic

Globigerina ooze {calcareous) 3» 11800

Pleropod ooze {calcareous! 1 6.600

Diatom ooze {siliceous) 8 12890

Radiolarian ooze (siliceous} 2 17.400

Red clay 28 17.700

ENGINEERING PROPERTIES OF SEDIMENTS

Keller®3 has summarized the available dsta concerning the variation
of sediment type, shear strength, water content, and wet unit weight in the
North Atlantic and North Pacific Ocean basins. The data were taken from
analyses of approximately 500 sediment cores (300 in the Atlantic, 200 in
the Pacific). These cores ranged in length f-om 1 to 20 feet, with an average
length of ahout 7 feet; the values of the respective parameters were averaged
over the length of each core. Thus, the data represent only average vaiues
for the upper few feet of the seafloor and cannot be extrapoiated to greater
sediment depths uniess some information is available on the variation of sedi-
ment properties with depth.
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The data on shear strength are of particular interest, because this
parameter controls the bearing capacity of the sediment. Most of the cores
contained fine-grained cohesive sediments, with only a few stringers of fine
sand. The shear strength of the sediment was taken to be equal to the cohe-
sion, which was measured by either the laboratory vane shear test or the
unconfined compression test. Keller's data indicate that the average shear
strength of seafloor sediments ranges ‘rom about 0.25 to 2.5 psi, with the
most common values ying betwe :n 0.5 and 1.5 psi. Shear strengths less than
0.5 psi are generally associated wiih deposits of red clay, and with coastal
areas where the depositional environ:nunt is affected by local drainage and
current conditions. The shear strength aopears to increase with increased
calcium carbonate content; that is, the highest shear strengths recorded in
either basin are associated with deposits of calcareous ooze (1.0 to 1.5 psi

in the Atlantic, 2.0 to 2.5 psi in the Pacific). Keller noted that locally high
values of shear strength may occur within an area of low strength as a rest it
of changes in bottom topography influencing the depositional environment;
shear strengths on topograohic “highs” are commonly stightly greater than
the surrounding areas. Keiier also concluded that, overall, the sediments of
the North Atlantic basin are slightly stronger than those of the North Pacific.

The water content of the sediments was determined by the standard
soil mechanics method, and was reported as the ratio, expressed as a percent-
age, of the weight of water to the weight of oven-dried solids in a given sediment
sample. The water content values vary from 30 to 375%, but the most com-
mon ranges are 50 to 100% in the Atlantic and 100 to 200% in the Pacific.
The higher water content values are generally associated with deposits of red
clay; the lower values, with calcareous deposits.

The wet unit weight is the total weight per unit total volume of a
sediment sample. The wet unit weight, or bulk density, of the sedimer.ls
ranged from less than 78 pcf to about 125 pcf. The mgst common ranges
of values were 78 to 94 pcf in the Pacific and 94 to 109 pcf in the Atlantic.

Keller's data are summarized according to sediment type in Table A-3.
it is well to rermphasize that the data represent only average values {~r the
upper few feet of the seafioor. 1t should also be noted that the data for shear
strength and waier content are probably lower-limit values, while the bulk-
density data are probably upper-limit values. This is because of sample
disturbance during coring and testing, and water loss from the sediment prior
tc testing. Thus, the data provide only a generalized picture of the variation
of sediment type and properties 10 be expected on the seafloor. They are by
no means sufficient for the final foundztion design of a seafloor irstallation
of more than nomina! importance.
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Table A-3. Engineering Properties of Various Sediment Types

Sediment Shear Strength Water Content Wet Unit Weight
Type {psi) (%) {pcf)

Terrigenic GO41025° 50 to 100 9410 109 !

. b
extremely variable, 9410 109 .
Red clay <05 as high as 300 78 10 94°
Siliceous 051015 50 to 100 <94
cal 051010 100 to 200 94 to 1097 1
careous .51t0 1. 0 78 10 94€

2 Among terrigenic sediments there are granular materials that have high strengths vshich
cannot be stated in terms of shear strength,

b Atlantic sites.
€ pacific sites.

Relatively little information has been published concerning the

compressibility or the consolidation characteristics of seafloor sediments.

The data that are available indicate that seafloor sediments generally have

large void ratios and high compressibility. Most finegrained, inorganic sea-

floor sediments appear to be normally consolidated; that is, there is no excess

pore water pressure, and the sediments have never been subjected to loads

greater than the existing overburden pressure. However, deep-ocean sediments

often exhibit apparent overconsolidation as a result of interparticle bonds

which develop either because of the slow rate of sedimentation or as a result

of some form of chemical bondina.2” The bonding causes the sediments to

be stronger than would normally be expected. In areas where sediment has

been eroded, the remaining material may exhibit true overconsolidated behav-

ior. In areas of rapid deposition {such as off the mouth of large rivers), the

sediments may be underconsolidated; that is, excess pore water prassures may

be present in the sediment because the overburden pressure increases more

rapidly than the excess pore pressure can dissipate. The &vailable data indi- :
cate that the coefficient of consolidation and compression index of inorganic
seafloor sediments generally fall within the range of values that have been
found for terrestrial soils. However, because of the low effective stresses and
large void ratios, the compressibilities of these soils are larger than terrestrial
soils. The data also indicate that secondary compression can be much greater
than is common for terrestrial soils. The: e are so few data concerning the
compressibility and the consolidation characteristics of organic sediments
(oozes) that no conclusions can be drawn; more research into the effects of
organic matter is necessary'.
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Appendix B

MACROTOPOGRAPHY AND MICROTOPCGRAPHY
OF THE SEAFLOOR

= |- INTRODUCTION
; The topographic features of the seafloor can be divided into three
: broad categories: {1) macrotopography, (2) microtepography, and (3) sur-

face roughness. The demarcations between the categories wili arbitrarily be
set at 60 feet (10 fathoms) and 5 feet; that is, features with vertical relief

i) i
s

2

’; greater than 60 feet will be classified as macrotopographic teatures, and those
’ with relief between 60 and 5 feet, as microtopographic features. Features

.f- ] with relief less than 5 feet are classed as surface roughness.

:-f

3 MACROTOPOGRAPHY

, The major topographic features of the seafioor are: (1) the conti-
nental shelf, (2) the continenta! slope, {3) the continental rise, (4) th2 abyssal
. plains and hills, (5) oceanic ridges and rises, (6} trenches, and (7) volcanic cones.
Superimposed upon these major features are numerous hills, ridges, basins, and

valleys that can be classed as macrotopographic features. The major features,
t and the subteatures common to each, will be described separately. Figures B-1
:‘ and B-2 illustrate the various major features of the seafloor.

Continental Shelf

e The continental shelf can be aescribed as the shallow flattish platform
- or terrace surrounding a continent. The seaward edge of the shelf, in almost
. all cases, is defined by a marked increase in gradient, called the shelf break.

ki The width of the shelf, as well as the depth at which the maximum change in

5 . gradient occurs, is extremely variable. (The traditional definition of the shelf

3 as the zone lying landward of the 600-foot depth contcur only rarely coincides

7 with the geological definition.}

. Shepard?8 has presented average values of various shelt characteristics:
;" : 1. The continental shelf has an average width ot 40 nautical miles.
' 4 2. The average depth at which the greatest change of gradient occurs
R at the shelf break is 72 fathoms.
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3. The average depth of the flattest portion of the shelves is about
35 fathoms.

4. Hills with a relief of 10 fathoms or more were found in about 60%
of profiles crossing the shelves.

5. Depressions 10 fathoms or more in depth were indicated in 35%
of the profiles. Many of these are basins, but others may represent longitu-
dinal valleys.

6. The average gradient is 7 minutes; the slope is somewhat steeper
in the inner than the outer half.

These averages were compiled from charts and profiles covering all parts of
e world; measurements from the charts were made for each 10 miles along
the shelf. Shepard cautions against the use of average values to describe a
feature as irregular as the continental sh2lf; it appears that he is particularly
concerned about the possible use of such averages as the basis for speculation
on the origin and development of the shelves. The admonition is even more
appropriate in relation to seafloor foundation engineering. In particular, local
gradients much greater than the overall average of 7 minutes are known t0
exist; gradients as great as b degrees appear to be fairly common on the sides
of the numerous hills, terraces, and depressions found on the shelf. The pre-
sence of these larger gradients may have a significant effect upon the design
of the foundation for a seafloor installation, zs well as the design of the instal-
lation itseif. This point is discussed mor.: completeiv in the main body of the
report and in Appendix C.

Continental Slope

The relatively steep slope beyond the sheif break is called the
continental slope. The outer edge of the continental stope is usually marked
by arather abrupt decrease in gradient. The continental sicpe is somewhat
more regular than the continental shelf; in many cases, the slope extends vir-
tually unbroken from the shelf break to the deep seafloor. However, hills,
terraces, valleys, etc., are common. Also, zones at depths intermediate between
the shelf and the deep seafloor may exist part way down the slope. These zones,
called continental borderlands, may include mountain ranges and deep basins;
the borderlands off Southern California are the best-known example. The
general characteristics of the continental slope can be described as foliows:

1. The average inclination of ali continental slopes is 4 degrees
7 minutes.

2. The continental slopes of the Pacific Ocean average 5 degrees
20 minutes.
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3. The continental slopes of the Indian Ocean average 2 -s:grees ;
55 minutes.

5 4. The continental slopes of the Atlantic Ocean average 3 degrees 3
3 5 minutes.

, ‘: 5. The continental slopes of the Mediterranean Ocean average 3 degress
K . 34 minutes.
.
3 6. The most prominent features modifying the continental slopes are
steep-walled, V-shaped, deep submarine canyons.
j Continental slopes can also be classified according to the type of coast:
23
1 Siopes off deltas and large rivers
S a. Mild inclination; average 1 degree 21 minutes

b. Considerable number of hills and depressions
‘ ¢. Some valleys and large submarine canyons

feﬂ 2. Slopes off fault coasts

a. Steep; average inclination 5 degrees 40 minutes; as great as
25 degrees

i b. Even in inclination and relatively smooth

¢. Submarine canyons rare, but small valleys common

3 d. Inclination may increase with depth !
g . !
3. Slopes off young mountain range coasts {other thran fault coasts} !
3 a. Average inclination 4 degrees 40 minutes ;
9 b. S'ope cut by many submarine canyc
- 4. Stable coasts lacking large rivers
H a. Average inclination 3 degrees
b. Siope inclination highly variable.
A c. Usually associated with a wide continental shelf
3 d. Topography irregular and includes plateaus, valleys,
2 canyons, hills, and depressions
E¢ . . .
<3 The submarine canyons which cut across the continental slopes
E: . resemble river-cut mountain canyons on land. The walls are usuaily very
2 steep; in some cases, vertical and even overhanging walls are kncwn to exist.
' . Continental Rise ’
| |
. The continental rise is that portion of the seafioor that links the

ocean-basin floor to the continental slope (see Figure B-1). In general, the
continental rise is less steep than the continental slope. The seaward edge of
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the continental rise is generally marked by an abrupt change in siope. Here
gradients change from values between 1:40 and 1:800, characteristic of the
continental rise, to values less than 1:1,000. Insome areas, no distinct break

is seen, and the continental rise grades in an exponential form into the abyssal
plain. The width of the continental rise varies from a few miles to as much as
400 miles. The continental rise is considered much smoother topographically
than the continentat slope; however, the rise is cut at many points by the lower
end of the submarine canyons found on the continental slope. Typically, the
continental rise has areas of extreme flatness {less than 1:1,000) interrupted

by areas of irregular relief, often only a few fathoms in amplitude. Occasionally,

the continental rise is punctuated by rather large seamounts, often linear in pat-
tern.

ocesn
sen level
average depth = 432 feet
continental
shelf depth = £,500 to 10,500 feet
continental
- - | .slq:e ‘ ) average depth = 12,000 feet

Figure B-1. {dealized profile of continental margin (vertical exaggerated).
(After Reference 44.)
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Abyssal Plains and Hills

An abyssal plain is an area of the ocean-basin floor in which the
ocean bottom is flat and the inclination of the bottom is less than 1:1,000.
An abyssal hill is a small, relatively sharply defined hill that rises in the ocean-
basin floor to an elevation a few fathoms to a few hundred fathoms in height
and is from a few hundred feet to a few miles in width. The term ““abyssal
hills province” is applied to those areas of the abyssal floor in which nearly
the entire area is occupied by hills; that is, the province lies at approximately
the depth of the adjacent abyssal plain but lacks a smooth surface.

Characteristically, abyssal piains lie at the base of the continental
rise and have gradients which range from 1:1,000 to 1:10,000. It is gener-
ally agreed that abyssal plains are the result of an even blanket of sediment

over a given area. Abyssal plain topography can be termed flat and featureless.

Abyssal hills are generally found at the edge of abyssal plains away from the
continental rise and are particularly common where trenches or ridges isolate
ocean basins. Abyssal hills vary from 25 to 500 fathoms in height, and have
beer: found, in many cases, to have relatively steep sides with local irregular
small-scale volcanic topography.

Trenches

Trenches can be defined as long, narrow depressions of the deep
seafloor with comparatively steep slopes and depths exceeding 3,500 fathoms.
Trenches often parallel lines of volcanoes or island chains of volcanic origin.
Most trenches are V-shaped. Some trenches have a sharp narrovs bottom, but
more commontly a flat floor of from a fracticn of a mile to several miles in
width is indicated. This flat bottom is usually attributed to sedimentary fill.
Values of wall siope from 4 to 36 degrees have been recorded for a single
trench.

Oceanic Ridges and Rises

Oceanic ridges are essentially continuous rnedian elevations extending
through the Atlantic, Indian, Antarctic, and South Pacific Oceans for a total
distance of over 30,000 miles. The relief of the elevations above the adjacent
ocean-basin floor is from about 550 fathoms to about 1,650 fathoms. The
width of the elevations, known as the Mid-Oceanic Ridge, in niost places is
more than 500 nauticat miles, and is essentially a broad, fractured sweli occu-
pying the center third of the oceans.
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The various parts of the Mid-Oceanic Ridge have their own charac-
teristics. In the Southeastern Pacific, tne Ridge is very broad and is associated
with seismic activity, volcanoes and seamounts, whereas the Mid-Atlantic Ridge
is steep and narrow with volcanic islands and guyots (flat-topped seamounts).

It can be said that the Mid-Oceanic Ridge divides the major ocean
basins of the world. In addition, the main basins are further subdivided by
a number of transverse ridges and rises extending laterally from the central
ridge or out from bordering continents. The result is a complex network of
ridges which rival terrestrial mountain ranges in extent and relief.

To draw distinction between ridges and rises, the former are thought
of as elongated elevations with steep irregular slopes, whereas the latter have
smooth, broad, gentle sides. Also, oceanic rises are nonseismic, but oceanic
ridges are decidedly seismic in nature. As in the case of oceanic ridges, rises
are found throughout the major oceans of the world.

R A e SR 2D B A G SR S A RSS2

Volcanic Cones

3 Volcanic cones can be defined as isolated elevations of the deep
seafioor with an elevation of 500 fathoms or more in relief, and with com-
= paratively steep slopes (steeper than land volcanoes) and refatively small summit
area. These volcanic cones can be divided into two groups: (1) the typical
E pointed volcanic cones or seamounts, and (2} cones whose tops have been
2 eroded, called guyots or tablemounts. The difference in the pointed seamounts
;_‘ and the flat-topped guyots is due to the elevation of the guyot above sea lavel
at some stage in its development, during which period it suffered subaerial ero-
sion. A given guyot's present depth below sea level is the resuit of subsequent
3 sinking and variations in sea level over time. The tops of many guyots are about
: 4,800 feet below the present sea level; the variation in depth is due primarily to
{ength of time of subsidence (that is, age).

The side slopes of seamounts and guyots, in most cases, are very steep.
Various investigators have indicated that average inclinations of up to 25 degrees
exist. This figure may be low when local areas are considered.
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. Superimposed upon the major topographic features of the world's

= oceans are small features which can be termed microtopography and surface
roughness. These small features, ranging in size from less than an inch to 60
feet in vertical relief, cover virtually 100% of the seafloor.
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The microtopography superimposed on the macrotopography of the
continental shelf includes ripple marks, sand waves, rock outcrops, the trails
and mounds of smal! seafloor animals, and small-scale, shallow, discontinuous
depressions. Ripple marks and sand waves are found in areas of sandy bottom.
Ripple marks are small, whereas sand waves may be up to 10 fathoms high,
with a crest separation of up to about half a mile. Rock outcrops are found
on the continental shelf throughout the world. The extent and relief of these
outcrops may be several tens of feet. The marks left by bottom-crawling and
burrowing seafloor animals are widespread on the continental shelf. Where
large populations of these animals are found, the bottom may be churned up
with mounds up to 6 inches or more in height spread over a wide area. The
depressions found on the continental shelf are generally shallow flanks which
vary from steep, rough, exposed rock to gentle, smooth, sediment-covered
slopes.

Beyond the continental shelf, the continental slope, with its many
canyons, begins. In many piaces, the continental slope is smooth and gentle
because of a bianket of sediment. These smooth areas exhibit much the same
microrelief as is found on the continental shelf. Where canyons cut the slope,
very steep or even overhanging rock walls may occur. In addition, many smai!
tributary canyons are sometimes found in the vicinity of the deep main can-
yons. These smaller canyons are usually a mile or less in width, a few miles
long, and a few fathoms deep.

The microtopography of the continental rise and abyssal plain appears
10 be quite similar. On the continental rise, hills a few fathoms high and con-
siderable distance apart are present. On the abyssal plain, undulations a few
feet in height and several miles apart are present. Both these major features
may be cut by the lower end of canyons. However, as the canyons reach to
deeper parts of the seafioor they become less steep and rugged and tend to
merge with broad depressions. Also, the bottom shows the signs of seafloor
animals. Tracks, trails, mounds, and depressions a few inches in extent and
relief are found throughout the sadiment-covered seafloor ot the plains and
rises. The ripple marks and sand waves of the continentai shelf are less prom:-
inent here because the sandy material required for their foundation has been
largely replaced by clay and ooze with higher cokesion. Chemical precipitates,
in the form of manganese nodules, are found on extended abyssal areas and
deep sea basins of all major oceans. These 1.9dules, which average about 2
inches in diameter, constitute an important feature of deep sea microtopo-
graphy where they occur.

The oceanic ridges and seamounts display many similar microtopogra-
phic features. Both shiow exposed bedrock, steep boulder-covered slopes, and
pockets of sediment. The central rift valley of the Mid-Atlanti=: Ridge and
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various seamounts have been found to contain deposits of pillow lava which
produce microtopographic features several inches to a few feet in relief. Man-
gar2se nodules are also a common feature of oceanic ridges and seamounts.
The frequent appearance of ripple marks in the seciments of seamounts indi-
cates that high concentrations of sand materizc! are preserit.
The world’s trenches show generally steep flanks, which may be
. without minor relief and are highly variable in inclination. The bottom of
a trench may he filled or partially filled with sediment, resulting in a micro-
topography that ranges from flat sedimented bottoms with biogenic mounds
and trails to sediment-free, rough, rock-strewn bottoms.

Shipek*® has analyzed severai hundred photographs, made by the
Navy Electronics Laboratory {(now Maval Electronics Laboratery Center) in
connection with studies of the acoustic ra.lectivity of the seafioor, to deter-
mine the nature and extent of the surface roughness of the seafloor. Shipek
concluded that surface roughness generally is directly reiated to the inter rne-
diate and major topographic relief upon which it is superimposed; for exampie,
where the topography is rough, the seafloor surface is generally rough. Shipek
also noted that, with some exceptions, surface roughness decreases with
increasing depth. Table B-1, taker: from Shipek’s paper, indicates the relative
surface roughness that exists on the various types of topographic features.
Table B-2 gives the rating scale used, and indicates the magnitude oi rough-
ness that may be expected. Table 8-3 shows the causes of surface roughness
and indicates that the ranst prevalent is the presence of marine animals.

A complete summary and discussion of macrotopography and microto-
pography, including surface roughness, and their influence on the selection and
design of a foundation is located in the main body of this report in the subsec-
tion entitled Topography {under FOUNDATION DESIGN CONSTRAINTS).
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Table B-1. Numerical Scalz of Seafloor Microroughness (From Reference 46)

Fon Moot Pt
Canyon—inner 5
Bank
Irregula. topography
Small jocal ridge 43
Istand slope a2
Local ridge 34
Side slopes of trough 3
Low hills 3
Topographic high
Isiand shetf 22
Seamcunt surface 32
Irregular topogiaphy 32
istand slope 24
Seamount surface 23
Istand shet? 23
irregular topography 23
Basin 2
Canyon---outer 2
Continental slope 2
Sili 2
Valley 2
‘ ., Rift valley 2
E Gentle refief {275-meter hilts) 2
: trreguiar hills (180-meter relief} 2
4 Intermountain walley 2
Abyssat hills 2
Gentie topography 2.1
Gentle topography 12
Saddie 1
Slupe 1
Sea valley 1
Smooth topography 1
Flat topography 1
¢ See Table B-2 for rating scale descriptions.
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Table B-2. Descriptive Notes for Rating Scale of Seafioor
Microroughness (After Reference 46)

Because the seafioor is never perfectly flat, the rating zero is not used.
The rating 1 denotes minimum but recognizable roughness: the rating 5 denotes
myximum roughness. Some descriptive notes on the ratings foi! »w:

1. Almost smooth surfaces formed on ciays, oozes, and silty clays
in abyssal areds between, and on, major and intermadiate topographic features.
isiple evidence of churning is lacking, with 3 minimum of epifauna and infsuna
present. Rock fragments and manganese nodules occur in ssattered patches, varied
according to chemical conpesition Gf water.

Height of churning: 1 irch
Normal range of miicrorelief: 010 4 inches

2. Low-order bottum relief formed by fauna churning on clays, oozes,
and silty clays in areas of gentle relief. Such iow-qrder relief also occurs on marine
slopes, vaileys, basins, and other gentie topographic features. More epifauna visibly
present but nt in great numbers ir: deeper aress. Occasional occurrences of small
manganese nodules and rock fragments in tighily packed or scattered patterns of
distribution, 393in dependent on seawater conditions. Occasional occurrences of
loosely scattered and larger manganese nodules with visible churning bewween tar.
gets. Oozes are normally in shoaler areas and are coarser grained.

Height of churning: 110 2.5 inches
Normal range of microrelief 1 to 8 inches

3. Maximum churs ing of clay and silty sediments. Rippie marks occur
where {ine sands and sandy ;ilts are present. Greater occurrence of larger manga-
nese nodules, pumice slabs, and rook fragments. Chemical crusting of sedimenis
sometimes present. Major andi intenmediate foaturas predominatly island slopes,
hills, ridges, highs, and irregular topography.

Height of churning: 2.5 10 6 inches
Normal range of microrelief: 2.5 inches to 1 foot

4, Rock fragments, outcrops, bouiders, and coarse sediments predorm;-
nate in this shoaler envitcnment. Fauna churiing maximum where silty sediments
exist. Ripr'e marks often present in sandy sediments. Greater abundance of epi-
founa on rocky sucfaces,

Heiaht of chuming, where present: 6 incnes
Normat range of microrelief: 2.5 10 39 inches

5. Jagoed rocks, phosphorite nodules, large boulders, and coarse
sediments on upper surfaces and slopes of underwater features such as ridges,
mountaing, bunks, clitfs, walls of canyons, and other topographic highs, Fauna
churning uf course sediments varisble ond dependent on presence of organic mat-
ter. Precominance of attached and unattached epifauna cn rock expasures.

Height of churning: highty vaciable, up tc 6 inches
Ncrmal range of microrelie!: i inch to 10 feet
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Table B-3, Distribution at.d General Relatio..ships of UnGerwater Topographic Relief
1After Referenco 46)

{Note: Shaded are: . et cate principel forms of microretief fcund on major tepographic features.}
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ilancishelf  NNNNN\N NROIUNUNRNNNNNNNN
small local fidge NN RN
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ger:tle topography NN TR RN
irregular topography RRINN. M.
Abyss2| plain gentle topograohy AN\ A Y
East Pacific rise Bardsiore AN A
low hilis A
Central Indian rise islanc slope NN A
Deep o8 basin low hitls A
gentiz topography ARt
gentie topography R
Trench local ridge A
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Appendix C

ANALYSIS OF COST VERSUS TOPOGRAPHIC ACCURACY—
AN EXAMPLE

This appendix summarizes an exercise to gain an idez of the value of
improved topographic accuracy to the foundation designer. The example used
is a small “simple” mat foundation. The exercise is as follows. Assume that
: three structures are to be placed on the seafloor in 1,000 feet of water. The
structures are (1} a STU-type struciure, see Figure 2, (2) a manned habitat,
and (3} a highly sersitive, multiple hydrophone array that must be maintained
within approximately 15 minutes of vertical. Assume that all three structuses
bave the same negztive buoyancy and thai a mat foundation 10 feet square is
} sufficient to prevent excessive settlement or 2 bearing capacity failure.
The foundation requirements, as related to topography, can be
summarized as follows:
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1. If any of the structures is placed on an inclination greater
than 1/10 {vertical/horizontal}, a local slope stability failure
may occur. Therefore, this inclination is an absciute maxi-
mum that can be tolerated.

2. If any of the structures is placed on an inclination between
1/20 and 1/10, the structure mav “'skid’’ down the incline,

and some sort of “*key’” must be attached to the mat to pre-
vent the skidding.

3. if the manned habitat is placed on an inclination greater than
1/80, a leveling system must be provided between the mat

: and the habitat module for the comfort of the inhabitants.

: (Certain experience indicates that slopes of about 1 degree,
or 1/50, are not too noticeable by humans; greater stopes
cause them to fee! uneasy and perhaps unsafe.)

. . 4, if the hydrophone array is piaced on an inclination greater
E: than 1/250, a sensitive levr1ing system must be provided.
(Such & degree of accuracy may be more than is actually
required for such equipment. However, the hypothetical
case serves as 3 good example of the nature of the problem.)
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The inclination of the structure can be exprsssed as A/B’, where B’

; is the minimum overat! lateral dimension (in this case, 10 feet), and A is the
difference in elevation in this distance. Figure C-1 shows this relationship for
a mat and a spread footing foundation.
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B’ = minimum overall iateial dimension
L = maximum overall latersl dimension *
A = differences in elevation
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Mast Foundatior: Spread Footinrg Foundation

Figure C-1. Minimum overall lateral dimension for mat and spread footing
fourdations.

The accuracy of a topographic mapping system is a function of the
minimum change in vertical relief which it can detect. In the case of the
example, it is possible to express this accuracy in terms of A/B’; that is, the
minimum inclination that can be measured with a high degree of confidence.

Cost estimates for the foundation are as follows and do not include
costs of topographic survey, site survey, or soil properties cetermination:

10 x 10-foot concrete slah $ 2,000 *
Perimeter key 1,000
Leveling system, manned habitat 7,000 )
Leveling system, hydrophone array 10,000 ‘
!
!
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Instaliation—Mat, mat with key $ 2,000

—Mat with manned leveling system 4,000
—-Mat with hydrophore leveling system 6,000

These cost estimates are admittedly rough. However, it is believed that they
are of the correct order of magnitude and are sufficiently accurate to illustrate
the trend of costs. Higher costs are involved in the installation of either of the
leveling systems, because of the need to telemeter data to the surface. The cost
estimates can be combined to provide the following list of totai costs:

Mat $ 4,000
Mat with key 5,000

Mat with manned habitat leveling system, without

key

13,000

Mat with manned habitat leveling system, with key 14,000
Mat with hydrophone leveliny system, without key 18,000
Mat with hydrophone leveling system, with key 19,000

The total costs can now be compared to the topographic accuracy in
the following manner: Tables C-1, C-2, and C-3 show the tctal costs for each
foundation in terms of both the actual maximum inclination (A/B’) existing
at a site and the accuracy of the measured maximum inclination. For ex>m-
ple, consider Table C-3. Assume that the actual maximum inclination existing
at the site is 1/250. |7 the topographic accuracy is 1/250 then we can provide
the hydrophone array with only a simple mat foundation at a cost of $4,000.
1f, however, the accuracy is oniy 1/20, we must assume that the structure will
land on an inclination of 1/20, and raust provide the leveling system, for a
total cost of $18,000. 1f the accuracy is only 1/10, we must further assume
that the structure will skid, and must provide a “’kay.” for a total cost of
$19,000. For these latter two cases the costs for topographic inaccuracy
were $14,000 and $15,000, respectively.

The additioiial costs incurred as a result of inaccurate topographic
data can be illustrated as follows. Divide the cost of the foundation that must
be provided because of lack of accuracy by the cost of the foundation that is
actually required (the foundation that we 2ould provide if the accuracy were
great enough). This will be a number equal to, or greater thar, unity. Plot
this ratio versus the measured inclination; that is, the topographic accuracy.
This must be done for each row of the foregoirig tables. The plotted points
for each actual maximum inclination can be connected by straight lines; the
slope of the lines is an indication of extra costs. The use of straight lines does
not imply a straight-line relationship between accuracy and costs, but is a matter
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of convenience. The true relationsnip is probably a form of step function.
Figures C-2, C-3, and C-4 show these plots for Tables C-1, C-2, and C-3,

respectively.

Table C-1. Foundation Cost as Function of Actual inclination and Accuracy of

Measured Inclination {STU Structure)

Actual Maximum Accuracy ot Foundation Cost
Inclination Measured Inclination ($)
1/250 1/250 4,000
1/50 2,000
1/20 4900
1/10 5.000
1/50 1/250 4,000
1/50 4,000
1/20 4,000
1/10 5,000
1/20 1/250 4,000
1/50 4,000
1/20 4,000
1/10 5,000
110 1/250 5,000
1/50 5,000
1/20 5,000
110 5000

Table C-2. Founaation Cost as Function of Actual inclination and Accuracy of
Meusured Inclinatior (Manned Habitat)

Actual Maximum Accuracy of Foundation Cost
inclination Measured Inclination s)
1/250 1/250 4,000
1/50 4,000
1/20 13.000
110 14,000
1/50 1/250 4,000
1750 4,000
1/20 13,000
110 14 000
1/20 1/250 13.000
1/50 13.000
/20 13.000
19 14,000
mno 1/250 14,000
1/50 14,000
1/20 14,000
710 14,000
[
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Table C-3. Foundation Cost as Function of Actual Inclination and Accuracy of "
Measured Inclination {(Hydrophone Array) , e
Actual Maximum Accuracy of Foundation Cost ~:
tnclination Measured Inclination (s E5
1/250 11250 4.000 3
1/50 18.000 %
- 1120 18.000 3
110 19.000 :
1750 1/250 18.000 E;
1/50 18.000 P
. 1/20 8,000 E>
110 19.000 s
1/20 11250 18,000 A
1/50 18.000 3
1/20 18.000 =
% 1710 19.000 g
> 110 1250 19.000 3
£ 1/50 19,000 E
5 120 19,000 5
3 110 19,000 H
- 2
; '
P ) k-
= glﬁ g .g S
£ 3 - X Ty
& E 5 3 gs Actial Stope E
= o o} ajc 4} 17250, 1/50
' 2|2 ;L Actual Slope 553l ) g
2 K 1250, 1/50, 1/20 I :
4 EHE 2 -g '8 2
: 22, 33 1 e : E
3|5 o1 1 7o~ Sls o L1 1 o™ : g
§|5 w0 uso w20 110 2{2 Tv2s0 S0 120 1710 =
2 Topographic Accurac 383 Topographic Accuracy . E:
e b
__ Figure C-2. Fuundation cost increase Figure C-3. Foundation cost increase S
& wversus topographic accuracy versus topographic accuracy k-
. (STU structure). (manned habitat).
5 t
3 3E, S
T E 5 z
> 2 — %
X HERYS 1250 E
5|5 3} Actual Slope =
2|22l 1750, 120
25 A 3
* wle L4 1 1107, £
o1% 3250 150 /20 110 &
5 é g Topographic Accuracy 5
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> Figure C-4. Foundstion cost increase 4
4 versus topographic accuracy A
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The foregoing illustrates the complexity of a cost-reiated analysis of
topographic accuracy requirements for a single foundation; that is, a 10x10-
foot mat. The total costs are seen to be a function of the type of structure,
the interfacing between the structure and the foundation, and the actual incli-
nation of the site. The absolute accuracy, expressed in feet, is also a function
of structure size; that is, for the example foundation, an inclination of 1/10
requires an absolute accuracy of 1 foot. For a 5x5-foot founcation and the
same inclination, an absolute accuracy of 0.5 foot is required. Furthermore,
the inclination of the structure might be caused by several circumstarces. For
instance, at an otherwise level site, a shallow pit or low mound may exist with
a local slope of 1/17). If the structure lands on this surfoce irregularity, the
required foundation is more expensive than would be necessary at other loca-
tions within the site. Therefore, a thorough and highiy reliable cost-related
anaiysis would require a study of the probability of occurrence of the given
inclinations on the seafloor, and a study of the probable size and nature of
structures that will be placed on the seafloor. Such an analysis would be
expensive. Several simplified analyses of the type described herein can be
performed to provide an idea of the cost trends. Because of the nature of
the assumptions that must be made, high confidence cannot be placed in
the actual quantitative results, but the trends should ke fairly accurate.

At least two other assumptions are implicit in the foregoing analysis.
The first assumption is that the ratio of the height of the structure {o the
minimum overall lateral dimension is not so great that the structure is in dan-
ger of overturning if it lands on an inclination. The second assumption is
5 related to the stresses induced in a structure because of inclination. Research
3 indicates that a permissible inclination for a simple steel frame is on the order
< of 1/200; because this is 3 “’permissible” ratio, there is, of course, some factor
5 of safety implied. It has iherefore been assumed that the stresses induced by
inclination can be accommodated by the structure, the mat, and the interfacing
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Appendix D

NN T LR R

POSITIONING SYSTEMS

Numerous methods and pieces of equipment are well developed for

- determining the position of a ship, or other object, on the surface of the ocean.
' These are summarized in Table D-1. This table also includes data on the range
and accuracy of each system. Systems and methods for determining the posi-

WSS D A S PG hd i

)
>3,

. tion of objects in the water column or on the seafloor are summarized in
Tabie D-2. This table includes some systems which both detetmine and

2 control position.
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Table D-1. Surface Positioning Systems

A A S R A R VA A N SN A e U A T AN st

E, Accuracy (ft)
] System fnm) Tr:;;a;:e«s Remarks
Optimum | At Maximum Range
LORAN-A ) )
¢ sard) 750 1.500 3.000 3 Rep'aced by LORAN-C.
LORANB 250 45 300 3
RAN Range varies with weather
Lo -C 1,500 70 2500 3 and sky
Transmitters moored a1 sea.
LORAN-D - 60 500 3 or more Accuracy directly propc:-
tional to number of stations.
LORAC-A 200 15 400 3 Excelient repeatability.
LORAC-8 300 15 400 4
LORACC 1200 - 1 in 5,000 3
: DECCA 425 25 250 2 Expensive. Cost, $120,000.
Two-Range 150 2 50 2 Similar to DECCA Navi
3 DECCA imilar to Navigator.
s . Range and accuracy atfected
F DECCA Navigator 250 1.500 1.200 3 by sky
Cost of system, $100.000.
DECCA Survey 200 25 300 3 Refinement of DECCA Navi-
b= . gator,
3 DECCA Minifix 2 z 300 3 Very portable system.
- . Transmitters mounted in
: DECCA Sea-Fix 25 300 3 for moored Tions.
SHORAN 301040 30 S0 2 Line-nf-sight limited.
E HIRAN 500 % 50 2 Improved SHORAN system.
MORAN 1510 30 20 50 z Ve:y portable.
L b—
= Primarily designed for use in
N ; SHIRAN 450 i0 - 4 aircraft. Line-of-sight opera-
‘ tion.
3 AERIS 1) 54 2 6 2
Combines navigation radar
B RAYFLEX 40 2 - 2 with primary positioning
= radar.
™~ continved
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Table D-1. Continved

P el

-
T,
2ies)

L]
{fr
s Range Accuracy (f1) No. of Aermarks
{nm) . . Transmitters '
Optimum | At Maximum Range
Cost, $75.000. Can be used
ODMRAYDIST 200 12 100 2 by more than one vessel ata
time.
HYDRODIST 25 12 100 2 Line-cf-sight limited.
Compatible with existing
range radar. Easy 10 operate. Low
RPS-::" ) 25 - 50 2 or more maintenance cost. Compo-
positioning system nents small and lightweight.
Alt-weather operation.
Not compatible with existing
RPS radar. Easy 1o operate.
2 » - 3 2ormore | ol lightweight compo-
nerts. All-weather operation.
Line-of-sight operation.
RPS-3 50 - 50 2 or more All-weather. Small, light-
weight components.
French system similar to
RANA 100 S0 100 3 LORAC.
Electronic Can be used by more than
position 500 200 1.500 2 one vessed by time sharing
indicator only.
1400 a? Base-line length:, ionosoheric
unlimite.d 4 at present; dist atlect Y-
OMEGA 3.000 7.200 83t . ﬁ;n Shipboard equioment smali
ful and lightweight (3.5 cubic
dq;’o':” feer, 75 pounds).
?:‘x:: e 0 | 1in2000 - 2ormore | Weather timited.
Celestiat Cloud cover, precipitation,
nevigation unlimited 6.000 12.000 - and fog prevent operation. ,
{unautomated) Small inexpensive system. :
Has same limitations as
Celestial 3
L. .. unautomated system with
getion ) unlimited 3.000 660 - respect 10 weather. Cost.
{automated $30,000 10 $50,000. 4
System yieids continuous log
of position. Accuracy decays
Inertial navigation | uniimited <3.000 - - with time if sysiem not used
with second system that cor-
fects errors.
continued
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Tatie D-1. Continued

Accuracy (ft) No. of 2
(nm} Transmitters ks =2
Optimum | At Maximum Range >
Subject to ionospheric, i ,
azimuth angle, and Doppler . ]
Satellite navigation | unlimited | 150 to 500 - - related errors. Coverage not - =
; continuous, User equipment 3
> expernsive, heavy, bulky. =
i Seif-contained system of .
; 0.1% of navigstion that provides 2 =
: Doppler unliinited |  distance - - continuous plot of location. X
traveled Accuracy decreases with dis- 3
Y
wu‘ ES>
: b
; i0 acousti Accuracy depends on ability P
Rd'o € 30 300 5.000 2 onseaflioor | to calculate velocity of sound =
ranging in water. %
Sensing instruments on ship E :
compare output with stored =
maps 10 determine positions. =
Topographic unlimited few hhu:!md - - Area involved must have been 5=
previously charted and must H
have sufficient relief for use -
: as navigationat a3id. "
' Desd reckoning E: ]
and estimated untimited - - - o do"’,'m'“i;:m 3
E Pposition f ) 3
:-
3 Table D-2. Surface-to-Bottorn Positioning Systems =
= System Remarks 3
E Submersibles Accuracy of betcer than 1 inch passible for light loads (100 10 200 E
e pounds) at depth of 6,000 feet. Expensive with current submersibles.
3 Guide wires Accuracy of bette; than 9 inches reported by oil industry in depths 10 -
& 1.300 feet. Cable entanglement a serious unsolved problem. Depths of =
= 2,000 to 3.000 feet possible in near future. . B
: Bottomsupported winches | Accuracy of better than 1 foot at 6,000 feet within state-of-the-art, w
£
= Surtace-supported winches Accuracy of better than 1 inch possible at present to depth of 2,700
b= feet snd weight of 10,000 pounds. Capability to 6.000 feet possible in * %
near future. <X
o5 2
f Sesfloor acoustic beecon Accuracy of better than 1 foot with ioad-mounted ber zon. 1 10 2% of
23 water depth without (to 18,000 feets.
- Bottom crawler Accuracy of better than 1 inch pussible. Still experimental and for 2
= shallow depths. i3
5 3
< Echo-ranging sonsr Accuracy of better than 1 foot shown in experimental tests in shallow
3 water, :
,S;_“ *-
o 104 '
R
‘H .
T .
R S N S o e S )

o



g

b kb T

o

X
4=

AR RT

Appendix E

T

EXAMPLES OF CANDIDATE FOUNDATION CONFIGURATIONS

AND EXPECTED PERFORMANCE

ENTRTANCRE VAT T

IOV IR

s A0 AU LR T Rt R L R LI o T S e Al R S

e e——————ERTRPISTRT SRS RT

4,

JriH

raty gt
A

.}

wp

S

NG S

P

e s baid] y o] 5k AT AT T
PP o ,m?..w v . ¥y wi. Prd 4 ....o.é«.t.« BRI Herd P18 2 ”

fela/ Lh

=




! Triangutar Strip Footing

3 H <~ Side length: 12 feet

A Footing width: 1.25 feet
Subme .ged weight: 200 pounds

3
’, Design Characteristics and Constraints
3 Relisbility: 0.90 Size: <12 font Currents: <05 knot 3
e s-ui:ivity:_<13 dogrees Soi: sand Emplacement: single module ;j
g Load capecity: <4,000 pounds Topography: <4 degrees 3
, Expected Performance g
4 i Soil Sand )
= ‘ Safety factor a1 Z
2 Settiement 025 inch 2
s Titting 0.25 degree 3
3 Lateral resistance 1,200 pounds
Uplift resistance 0
Minimum loed 0
: Figure E-1. Simple spread footing
i
; !
: Physicsl Configuration Circular Fooiing
,\ Dismeter: 9 feet
= Edge depth: 010 1.5 feet
A Submerged weight: 500 pounds
= Design Characteristics
H Relisbility: 0.90 Size: <12 feet Topography: < 10 degrees
Sensitivity: < 15 degrees Soil: wesk cohesive to competent Current: > 0.5 knot
Weight: <4,000 pounds cohesive Emplacement: single module
Expected Performence Remarks: Load must be -
Soil Weak Competent centered.
Safety factor 227 14
Settlsment 13 inches 6 inches .
Tile 4 degrees 2 degrees
Lateral resistance 1,100 pounds 3.500 pounds
Uplift resistance < 4,000 pounds <2000 pounds
Minimum loesd 1,000 pounds 1,000 pounds

Figure E-2. Keyed spread footing.
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Physical Configuraticn

Reliability: 0999

2 Expected Performance
=2 Soil

Safety factor
Settiement

Titt

3 Lateral resistance

Ex Uplift resistance

Minimum loed

|
i

Sacunding

=

3 Soil
t . Safety factor
=
2 Tile
2 Lateral resi
£ Uplift resistance
k- P
= Minimum losd
‘
-
23
2
2
-
iy
Z
7
=
=
= &E __ -
Rt 3 T T e . .
ST e e R g e o e

Sensitivity: <S5 degress
Loed capecity: <40,000 pounds

Size: > 40 fest

Soil: competent cohesive and sand
Ovenaii siope: <4 degrees

Competent

9

4 inches

0.5 degree
13,000 pounds

< 40,000 pounds
9,000 pounds

Figure E-3. Multiple spread footing.

Size: > 40 feet
Soil: wesk cohesive and competent
cohesive

12 inches

1 degree
11,000 pounds
85,000 pounds
L]

Figure E-4. Multipie preconsolidating footing.

e e Bt et hm

Tripodat Articulated Footings

Spacing: 40 feet
Submerged weight: 4,000 pounds

Individust Footings

Dismeter: 10 feet
Edge depth: 0.5 t0 O feet

Current: > 0.5 knot
Emplacement: single module

Sand

2

0.5 inch

o

13.000 pounds
0

0

Tripodal Articulated Footings

Specing: 40 feet

Submerged weight: 5,000 pounds
Individusl Footings

Diameter: 10 feet

Edge depth: 1.0 foot

Overall siope: < 10 degrees
Current: >0.5 knot
Emplacement: muitimodule

Hemarks: Equipment
not yet
deveioped.

Competent

9

25 inches

0.4 degree
14,000 pounds
100.000 pounds
o
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Expected Performance

Sefety factor
Settiement

Lateral resistance
Uplift resistance
Minimum losd

T "o St S o

Physical Configurstion
~y -

Expected Performance

Soil

Safety factocr

Settiement

Tilt

Lateral resistance

Upilift resistance

Minimum load

Physical Configuration
-

Weak

35

3inches

3 degress
6,000 pounds
6.000 pounds
0

Pite diameter: 12 inches

Depth of embedment: 40 feet

Submerged weight: 2,000 pounds
Design Characteristics and Constraints

Reliabitity: 0.90

Sensitivity: < 15 degrees

Load capacity: < 4,000 pounds

Size: <12 feet

Soil: wesk cohesive to sand

Overail stope: >>10 degrees

Current: >0.5 knot

Emplacement: multimodule

Sand
9.0 Remarks: installation
05 inch equipment not yet

3 dugrees developed.
10,000 pounds
10,000 pounds

Figure E-5. Single pile, low capacity.

10 inches
Sdegrees
14,000 pounds
50,000 pounds

Pile diameter: 24 inches

Depth of embedment: 80 feet

Submerged weight: 10,000 pounds
Dasign Characteristics and Constraints

Relisbility: 0.99

Sensitivity: <5 degrees

Load capecity: 40,000 pounds

Size: <40 feet

Soil: wesk cohesive to sand

Overall slope: > 10 degrees

Current: >0.5 knot

Emplacement: multimodule

Sand

16 Remarks: Installati

05 inch -quipm:;‘not yet
3 degress

26,000 pounds developed.

150,000 pounds

Figure E-6. Single pile, medium capacity.

108

S S AN A i o S A 2 8 A ) S A S

T U -

- ——eate

SO

VAL P AL N A T G 0 a0 e DI A5 A AN T RIS AT 2 L A b i N LSO R S ke L s on A SRR el s A RV i e A R e k\'&:‘i3.«1\'4.%:«!31;-‘{&:‘:médmcm&s-m‘:@hs&:m:&xauf:.\‘wzémmfeﬂam}j@&@i&?ﬁ

U R AANT T



S R N R i A PP
S
“‘:.
—_ — 3
-
F
f 3
Physical Configuration Equilateral Trisngular Group -

Pile spacing: 40 feet 2
Submerged weight: 25,000 pounds E:
T Individua! Piles 3
Pile diameter: 16 inches ;
Depth of embedment: 80 feet =
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Relisbility: 0.999 Size: > 40 feet Current: >0.5knot E
Sensitivity: < 1 degree Soil: competent cohesive and sand Emplacement: seafioor construction
Load capacity: 40,000 pounds Overall siope: <4 degrees

Expected Performance 3
Soil Competent Sand z

Safety factor " 26 :
Settiement 8 inches 05 inch Remarks: installation £
Tire 0.5 degree 0 equipnent not s
Lateral resistance 23,000 pounds 60,000 pounds yet developed. =
Uplift resistance 150,000 pounds 150,000 pounds

Minimum load [+] 2

Figure E-7. Multiple piles.

Physical Configuration Individual Leviers

o3 Compression: 30,000 pounds
» Tension: 30,000 pounds

3 Shear: 15,00C pounds

= Adjustment: 2 feet

el R S R A A

‘

; ) Design Charscteristics snd Constraints , 3
R ﬁ
33 Relisbitity: 0.999 Size: > 40 fest Crvrent: > 05 knot 2

. Sensitivity: 0.5 degres Soil: competent cohesive and sand Emplacement: sesflioor construction
Loed capecity: 40,000 pounds Overall siope: <4 degrees

Remerks: Only initisl levaling required.

A

Figure E-8. Structure—foundation interfacing.
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